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ABSTRACT 
 
 Sclerotinia stem rot or white mold (WM) [Sclerotinia sclerotiorum (Lib.) de Bary] is 
an important fungal disease affecting soybean [Glycine max (L.) Merr.] and causes yield and 
quality losses. WM is prevalent in cool and moist environments, particularly in the soybean 
growing regions of Northern United States and Canada. Although sources of complete 
resistance have not yet been identified, several quantitative trait loci (QTL) for partial 
resistance have been reported but generally using bi-parental mapping populations. Genome-
wide association (GWA) studies have been used to dissect complex disease resistance traits 
in plants and to identify the genes controlling the expression. WM was assessed in 465 
diverse plant introduction accessions from the USDA Soybean Germplasm Core Collection 
and GWA and epistatic interaction analysis was performed using 36,105 SNPs from the 
SoySNP50K Illumina Infinium BeadChip to 1) discover sources of WM resistance, 2) 
identify SNPs associated with WM resistance, and 3) determine putative candidate genes for 
WM resistance. Phenotyping for WM was done under artificial epiphytotic conditions in both 
field and greenhouse environments. Forty-five main effects and 18 epistatic interactions 
associated with WM resistance were identified at different growth stages and for multiple 
response variables. Together, these explained 7-36% of the phenotypic variation. A wide 
range of candidate genes were identified at the proximity of peak SNPs, which included a 
few disease response genes previously reported in the literature. The mode of resistance 
within these candidate genes varied greatly and included functions such as cell wall structure, 
hormone signaling, and sugar allocation, revealing the complex nature of WM resistance. 
Several accessions expressing resistance in all environments were identified.  
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THESIS ORGANIZATION 
 
This thesis is organized into three chapters. Chapter one provides a review of the 
literature focused on Sclerotinia sclerotiorum and its effect on soybean production. Chapter 
two describes original research. This is presented in three sections: introduction, 
experimental procedures, and results and discussion. The introduction provides general 
background information pertaining to the study and presents the objectives of the study. The 
subsequent sections will describe the three main experiments used to conclude my objectives. 
These include phenotypic evaluation of disease resistance, genome-wide association (GWA) 
study and epistasis study, and putative candidate gene prediction. Chapter three summarizes 
the conclusions of these studies and provides a recommendation for future work. 
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CHAPTER 1 
 LITERATURE REVIEW 
 
Soybean 
Soybean [Glycine max (L.) Merr] is an important oilseed crop and major source of plant 
protein used for both livestock and human consumption. With a projected annual acreage of 
120.99 million hectares and production of 321.02 million metric tons globally in 2015, soybean 
is the number one oilseed crop produced (USDA, 2015). United States leads production of 
soybean with 108.35 million metric tons. Higher yield is the driving force within any plant 
breeding program, and soybean is no exception. Many diseases, including soybean cyst 
nematode (SCN, Heterodera glycines Ichinohe), Phytophthora rot (Phytophthora sojae 
Kauffman & Gerdemann), and Sclerotinia stem rot (Sclerotinia sclerotiorum (Lib.) de Bary), can 
cause greater than an estimated 400 million bushel yield loss every year in the United States 
alone (Koenning and Wrather, 2010). In a movement to reduce the amount of pesticide used and 
protect yield potential, genetic control of these diseases is desired. Soybean breeders have a 
number of tools available to them for the timely introgression of favorable disease resistant 
genes. However, before these tools can be utilized, desirable genotypes need to be identified and 
the genetics behind resistance must be understood. 
 
Pathogen Biology 
Sclerotinia stem rot or white mold (WM) is caused by the fungal pathogen Sclerotinia 
sclerotiorum (Lib.) de Bary. Sclerotinia sclerotiorum infects a wide range of hosts, including 
soybean. Over sixty common names have been used to describe the disease caused by S. 
2 
 
sclerotiorum, and it infects up to 408 different species (Purdy, 1979; Boland and Hall, 1994). 
Most of these species are mainly dicotyledon, although infection on monocotyledon species (e.g., 
oats [Avena sp.], maize [Zea sp.], iris [Iris spp.], onion [Allium cepa L.], and banana [Musa 
spp.]), have been reported (Boland and Hall, 1994).  
S. sclerotiorum is in the family Sclerotiniaceae of the phylum Ascomycota. The disease 
cycle of S. sclerotiorum is outlined in Figure 1.The main source of infection are ascospores, 
which are released from apothecia that germinate carpogenically from sclerotia. Sclerotia serve 
as the main survival mechanism in S. sclerotiorum. Sclerotia are dark-pigmented, hyphal 
aggregates and can remain viable for up to eight years in closely related species (Adams and 
Ayers, 1979). Development of sclerotia is controlled by multiple environmental and nutritional 
factors (Christias and Lockwood, 1973; Chet and Henis, 1975; Le Tourneau, 1979; Willetts and 
Wong, 1980; Willetts and Bullock, 1992).  
Sclerotia germinate carpogenically depending on factors such as temperature, soil 
moisture, and sclerotia production conditions to produce apothecia (Abawi and Grogan, 1979; 
Huang and Kozub, 1991, 1993; Bardin and Huang, 2001; Clarkson et al., 2003).  An apothecium 
consists of a stipe and a disc that ranges from ochre to a light tan color. A layer of asci, 
containing ascospores, develop on the upper surface of the disk. These ascospores are forcibly 
discharged when optimal conditions are met and disseminated by air currents (Hartill and 
Underhill, 1976; Adams and Ayers, 1979). In order for ascospores to germinate on a host, 
moisture and a nutrient source are required. Senescent or necrotic tissue, such as flower blossoms 
and lesions, have been shown to be a good source of nutrients (Abawi and Grogan, 1979). Once 
germinated, the pathogen produces septate hyphae that produce dense, white to tan mycelia. 
Mycelia may continue to infect the above ground portion of the plant through the main stem and 
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produce sclerotia. Since no conidia, asexual spores, are produced by S. sclerotiorum, secondary 
infection is due to mycelial growth by contact with infected tissue. 
 
Visible symptoms may not be visible on infected plants, making it difficult for early 
detection. When symptoms do occur, WM first appears as water-soaked lesions (Bolton et al., 
2006). As disease progresses, tissue may appear bleached and shredded. As the fungus spreads to 
the main stem, wilting may occur. Fluffy white mycelia form on necrotic tissue and serve as 
primary sign of S. sclerotiorum. Sclerotia normally form inside the pith of the plant, but can form 
externally under high humidity conditions.  
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Prevalence and Causes of Yield Losses 
WM occurs in cool and moist environments (Purdy, 1979). It was first reported in the 
United Sates in 1924 (Grau and Hartman, 1999). Its first occurrence in Illinois was noted in 
1946, although not reported until 1951(Chamberlain, 1951). WM is an important disease in 
Northern United States (Koenning and Wrather, 2010). In a study consisting of five Northern 
states, Workneh and Yang found that WM was most prevalent in north-central Iowa and 
southern Minnesota (Workneh and Yang, 2000). They also found that disease was more 
important and detected further south in years with below average temperatures. 
The occurrence of WM symptoms is highly variable due to the sensitivity S. sclerotiorum 
has to weather (Peltier et al., 2012). In a four year period from 2006-2009, WM was ranked 
among the five most important diseases in soybean yield suppression, ranking as high as second 
in 2009 below soybean cyst nematode (SCN) (Koenning and Wrather, 2010). More recently, 
WM was estimated to have caused a yield suppression of 1.01 million metric ton in 2014, 
ranking it as the fourth most damaging disease (http://extension.cropsciences.illinois.edu/).  
Yield losses due to WM have been associated with a reduction in seed weight and, in some trials, 
number of seeds per plant (Hoffman et al., 1998; Danielson et al., 2004). Danielson et al. (2004) 
reported that with a ten percent increase of disease incidence, there was an average yield loss of 
136.6 kg/ha. Other yield studies showed similar results ranging from 147 to 335 kg/ha (Chun et 
al., 1987; Hoffman et al., 1998; Yang et al., 1999; Danielson et al., 2004). WM also reduces the 
seed quality by reducing oil content and germination while serving as a source of inoculum in 
subsequent years (Hoffman et al., 1998; Mueller et al., 1999; Danielson et al., 2004). 
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Control Measures  
Avoiding practices that increase the rate of canopy closure, such as early planting, narrow 
row width, high plant population, and high soil fertility, can decrease the WM disease incidence 
(Peltier et al., 2012). However, these practices may also decrease yield potential in certain 
conditions. Apothecia are not known to grow over 3 cm tall, so tillage was thought to be a good 
control of S. sclerotiorum (Abawi and Grogan, 1979).  However, studies have since then shown 
mixed results. Mueller et al. (2002b) showed that although moldboard plough reduced the 
number of sclerotia, it had no effect on the number of apothecia. In this study, no-till had the 
highest disease incidence, and one year of moldboard tilling only delayed the production of 
apothecia. Furthermore, several studies found that no-tillage practices were associated with a 
reduction in apothecia and disease incidence (Workneh and Yang, 2000; Kurle et al., 2001; 
Gracia–Garza et al., 2002; Mueller et al., 2002b). A more effective strategy could be crop 
rotation, shown to reduce both the number of apothecia and disease incidence (Kurle et al., 2001; 
Gracia–Garza et al., 2002; Mueller et al., 2002b; Rousseau et al., 2007). 
The inhibition of S. sclerotiorum by fungicide has been shown to be effective, but the 
amount of control is incomplete and inconsistent. Thiophanate methyl and benomyl class 
fungicides displayed good resistance to S. sclerotorium in a greenhouse setting; however, lower 
incidence was only achieved when thoroughly applied in fields already experiencing lower WM 
prevalence (Mueller et al., 2002a). In a later study, it was found that thophanate-methyl was an 
effective application in lowering the incidence of WM, depending on the timing and number of 
applications (Mueller et al., 2004). The use of fungicide may reduce WM severity, but does not 
necessarily increase yield (Nelson et al., 2002). Commercial products available registered 
specifically for WM control and presented in order of most effective to least effective include 
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Endura® (boscalid), Topsin-M® (thiophanate-methyl) mix with Proline® (prothioconazole), 
Aproach® (picoxystrobin), Domark® (tetraconazole), and Priaxor® (fluxapyroxad + 
pyraclostrobin). The herbicide Cobra® (lactofen) has also been shown to control WM, but lacked 
the yield response that the fungicides provided (Wunsch et al., 2013).  
Several biological control agents of S. sclerotiorum have been identified. In a dual 
culture, Trichoderma harzianum acted as a mycoparasite to S. sclerotiorum. In the same study, 
treatment of cucumber, sunflower, and lettuce with T. harzianum reduced the effect of S. 
sclerotiorum (Inbar et al., 1996).  In a soybean production setting, several biological control 
agents significantly reduced the disease severity index (DSI) and the number of sclerotia. 
Coniothyrium minitans, Streptomyces lydicus, and T. harzianum proved to be effective (Wunsch 
et al., 2012; Zeng et al., 2012). Coniothyrium minitan is commercially available as Contans®.  
Genetic control through resistant cultivars is an attractive form of control due to the 
incomplete and inconsistent nature of the above measures. Although completely resistant lines 
have not been identified, partially resistant breeding lines have been identified and evaluated. 
These lines serve as good source materials along with lines that contain favorable escape 
mechanisms that avoid infection, promote a dry micro-climate, or inhibit the spread of disease 
such as flowering date, plant height, canopy architecture, lodging resistance, and maturity (Grau 
et al., 1982; Cline, 1983; Grau, 1984; Boland and Hall, 1986, 1987; Chun et al., 1987; Nelson et 
al., 1991a, 2002; Buzzell et al., 1993; Wegulo et al., 1998; Kim et al., 1999; Yang et al., 1999; 
Kim and Diers, 2000; Arahana et al., 2001; Kurle et al., 2001; Hoffman et al., 2002). In an 
attempt to find new sources of resistance, plant introduction (PI) accessions with partial 
resistance ranging from MG 0 to IV were also identified (Hoffman et al., 2002). 
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Genetic Control and Analysis  
Although sources of partial resistance have been identified, the understanding of the 
genetic architecture and integration of resistance into a breeding program has been inhibited by 
the quantitative mode of inheritance, small effect QTL, low heritability, and environmental 
influences (Wegulo et al., 1998; Kim and Diers, 2000; Arahana et al., 2001; Hoffman et al., 
2002; Bolton et al., 2006).  Plant breeders have relied on specialized disease nurseries and indoor 
controlled evaluation due to S. sclerotiorum’s sensitivity to environment and highly variable 
expression of symptoms. Irrigation and artificial inoculation are necessary for field evaluations 
(Bolton et al., 2006), making phenotyping difficult and time consuming.  Furthermore, it is hard 
to distinguish between physiological resistance and escape mechanisms (Boland and Hall, 1987; 
Nelson et al., 1991a; Kim et al., 1999, 2000). This makes controlled evaluations a suitable 
option, and many methods for greenhouse, growth chamber, and laboratory have been implicated 
(del Rio et al., Boland and Hall, 1986; Chun et al., 1987; Nelson et al., 1991a; b; Wegulo et al., 
1998; Kim and Diers, 2000). However, correlations between the controlled and field evaluations 
have been poor or inconsistent (Nelson et al., 1991a; Wegulo et al., 1998; Kim et al., 2000; 
Hoffman et al., 2002). 
In addition to screening breeding lines and germplasm for resistant sources of material, 
plant breeders can also utilize a number of molecular approaches. Genetic mapping, specifically 
linkage mapping and genome-wide association (GWA), is used to identify molecular markers or 
regions associated with the genetic factors controlling the variation of WM resistance. Results 
from these kinds of studies can help dissect the genetic architecture of WM resistance and be 
utilized in parental selection, marker-assisted selection (MAS), and, in some cases, candidate 
gene discovery, consequently increasing genetic gain (Zhu et al., 2008).  In linkage mapping, 
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sometimes referred to as family mapping, the populations used are controlled and are usually 
limited to bi-parental crosses. The amount of recombination between genotypes is therefore 
limited by the formation of the population (e.g., time and size). This could result in relatively low 
recombination, few informative markers, and identified QTL being linked to a large 
chromosomal region. However, within a population, segregating alleles contain a 1:1 ratio, 
increasing the power of the analysis. 
A number of quantitative trait loci (QTL), through linkage mapping, have been reported 
on the reaction to S. sclerotiorum in soybean (Kim and Diers, 2000; Arahana et al., 2001; Han et 
al., 2007; Guo et al., 2008; Vuong et al., 2008; Li et al., 2009; Sebastian et al., 2009; Huynh et 
al., 2010; Zhao et al., 2015). These linkage studies revealed the quantitative nature of WM 
resistance. Many small effect QTL were identified across the genome with little overlap between 
different studies (Figure 2; Supplementary Table 1). In addition to the complex nature of the 
genetics controlling resistance, these varied results could be attributed to the limitations of 
linkage mapping, such as the phenotypic variation and recombination available within the 
mapping population chosen, or to the different phenotypes measured and the environment in 
which they were taken (Arahana et al., 2001; Holland, 2007; Zhu et al., 2008). A complimentary 
approach to QTL mapping is GWA, which reveals trait-associated loci and provides insights into 
the genetic architecture of complex traits. 
 
9 
 
 
 
 
10 
 
Association Mapping 
GWA studies, also known as linkage disequilibrium or population mapping, test a similar 
hypothesis under the same principles of recombination as linkage mapping but use different 
parameters. Unlike linkage mapping, GWA uses a large number of diverse genotypes without 
any known relatedness in order to exploit their historical and evolutionary recombination. This 
approach therefore provides an increased mapping resolution, broader reference population, and 
reduced research time (Yu and Buckler, 2006; Zhu et al., 2008). Additionally, it is assumed that 
the number of QTL controlling the phenotypic variation is no longer limited by the parental 
selections, but by the actual number of QTL available (Zhu et al., 2008; Myles et al., 2009). With 
a greater mapping resolution, the number of markers needed also increases in order to ensure that 
at least one marker is in linkage disequilibrium with each functional allele. The recent shift in 
availability of high density genotyping with single nucleotide polymorphisms (SNPs) has made 
this possible, facilitating the mapping of complex traits and identification of causal genes.  
Using GWA to dissect the genetic architecture of a complex disease trait like WM has 
few disadvantages. The power to detect an association is a function of allele frequencies and the 
effect they have on the phenotype (Myles et al., 2009). Although diverse genotypes have the 
means to capture alleles not present in current breeding programs, the majority of alleles can be 
rare, making them difficult to map (Myles et al., 2009; Rafalski, 2010). In such a scenario, 
linkage mapping is preferred over GWA as in this case the allele frequency of a rare allele will 
be in a 1:1 ratio. Also, large effect QTL are easier to capture in small populations. Small effect 
QTL require a larger population and markers in high linkage disequilibrium with functional 
alleles.  
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Larger populations provide more power in GWA studies. In practice this number can 
range from 100-500 genotypes (Rafalski, 2010). However, the population needed to increase the 
power of a GWA may present difficulties in collecting accurate phenotypic information due to 
the need of extensive labor and difference between growth habits within a diverse panel (Myles 
et al., 2009; Rafalski, 2010). Furthermore, it is important to consider field design and expression 
of correlated traits among the genotypes when planning a phenotypic evaluation (Zhu et al., 
2008).  
False associations may result from the unknown relatedness and population stratification 
within a diverse panel. Therefore, the population being studied should be constructed in a way 
that minimizes population stratification (Rafalski, 2010). Another approach is to correct for 
unknown relatedness and population stratification through methods such as kinship matrices and 
principal component analysis (PCA), respectively.  
The following describes the basic principles of kinship matrices and PCA as they relate to 
GWA. Relatedness within a population can be explained by a matrix made up of kinship and 
inbreeding coefficients. Kinship coefficients measure the probability that two loci randomly 
sampled between two individuals will be identical by decent. The inbreeding coefficient for an 
individual is the kinship coefficient between that individual’s parents. In GWA, this matrix is 
used as a random effect to represent genome-wide correlation that contributes to phenotypic 
variation (Zhao et al., 2007).  
Population stratification occurs when different sub-groups present within a panel, due to 
factors such as origins and allele frequencies, differ in their overall response to disease. This 
stratification can then mimic a signal of association and produce false positives. PCA is 
multivariate technique used to analyze and summarize patterns of similarity (Abdi and Williams, 
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2010). PCA is used to extract important information when looking at a data set made up of 
several dependent variables that are possibly correlated. It does this by expressing this 
information as new orthogonal variables called principal components.  
GWA studies have been well implemented in human disease, but were reported in plant 
species in the early 2000s (Thornsberry et al., 2001). Since then, many studies have been 
performed, including a number of traits in soybean (Table 1). A few GWA studies have even 
been performed in an attempt to narrow down target areas for WM resistance (Bastien et al., 
2014; Iquira et al., 2015; Zhao et al., 2015). Similar to previous linkage mapping studies, 
markers identified in these GWA studies vary. Two studies use the cotton pad method to 
measure lesion length in greenhouse conditions (Bastien et al., 2014; Iquira et al., 2015). In both 
cases under 150 lines were evaluated with less than 9000 markers. Furthermore, Bastien et al. 
(2014) used elite germplasm that captured the diversity within a single breeding program, and 
Iquira et al. (2015) used accessions that specifically expressed either resistance to WM or other 
diseases. Zhao et al. (2015) used 330 diverse accessions that include both landraces and elite 
cultivars, which were genotyped with over 25,000 markers. While diverse genotypes were 
included, all but 24 genotypes were derived from Chinese accessions. A laboratory method of 
measuring soluble pigment content in the stem was used to evaluate a specific mode of WM 
resistance.  
The experimental design and traits studied in the GWA studies available on WM 
resistance in soybean vary greatly. Still, no study has been reported on the GWA of field 
resistance, which is a better indicator of resistance on a farmers’ field than controlled 
environments (Wegulo et al., 1998; Kim et al., 2000; Hoffman et al., 2002).  The genetic 
background of the populations chosen in these studies also differed greatly. Elite germplasm is 
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less than ideal for GWA since the domestication of soybean lead to the greatest genetic 
bottleneck by dramatically changing the allelic frequency within the population compared to 
Asian landraces (Hyten et al., 2006). In order to better utilize plant introduction accessions 
available through the United States Department of Agriculture (USDA), Oliveira et al. (2010) 
developed a core collection that would represent the genetic diversity within the whole 
collection. In the final core collection, a larger percentage of Chinese accessions were allowed 
due to the region’s higher genetic diversity, and an effort was made to exclude elite cultivars 
Table 1: Traits analyzed by genome-wide association studies in soybean and structure of each study. 
Traits Populations 
Sample 
size 
Background 
markers References 
Seed protein content Accessions 96 150 (Jun et al., 2008) 
Iron Deficiency chlorosis Elite lines 143, 
141 
858, 
868 
(Mamidi et al., 2011) 
Chlorophyll and chlorophyll 
fluorescence 
Landraces 168 2678 (Hao et al., 2012a) 
Yield and yield components Landraces 191 1536 (Hao et al., 2012b) 
Seed size and shape Accessions 191 1536 (Hu et al., 2013) 
Iron Deficiency chlorosis Elite lines 132, 
138 
34428 (Mamidi et al., 2014) 
Sclerotinia sclerotiorum resistance Elite lines 130 7864 (Bastien et al., 2014) 
Seed protein and oil content Accessions 298 31954 (Hwang et al., 2014) 
Sudden death syndrome Elite cultivars 392, 
300 
52041, 
5361 
(Wen et al., 2014) 
Flowering time, maturity date, and 
plant height 
Accessions 309 31045 (Zhang et al., 2015b) 
Qualitative and agronomic traits Genotypes 139 47702 (Sonah et al., 2015) 
Sclerotinia sclerotiorum resistance Chinese 
accessions 
330 25179 (Zhao et al., 2015) 
Sclerotinia sclerotiorum resistance Disease resistant 
accessions and 
elite lines 
101 8397 (Iquira et al., 2015) 
Sudden death syndrome Resistant 
accessions 
214 31914 (Zhang et al., 2015a) 
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derived from scientific plant breeding programs (Oliveira et al., 2010). Although many markers 
have been identified through both linkage mapping and GWA, there is currently no literature on 
their utilization in MAS or GWS. 
 
Epistasis 
Epistasis exists when the presence of one allele influences the effect of another allele at 
one or more loci. This complicates the genotype-phenotype interaction due to the non-additivity 
of effects at each locus and plays an important role in the genetic variance for quantitative traits 
(Malmberg et al., 2005; Holland, 2007; Xu and Jia, 2007; Hu et al., 2011). In certain studies 
epistatic effects have been shown to be more important than the main effect additive QTL (Mei 
et al., 2005; Malmberg et al., 2005). However, this has not been shown for all studies (Mihaljevic 
et al., 2005; Blanc et al., 2006). These differences could be due to the nature of the crop (i.e., 
inbreeding versus out-crossing) or the trait (i.e., large effect versus small effect QTL) being 
studied (Holland, 2007). Similarly, the incorporation of epistatic QTL into genomic prediction 
models have had mixed results on prediction accuracies (Wang et al., 2012). 
Identification of epistatic effects through linkage mapping have been done successfully in 
many crop species (Malmberg et al., 2005; Blanc et al., 2006; Wang et al., 2007; Xu and Jia, 
2007; Singh et al., 2013). A GWA approach has been done in barley, wheat, and soybean (Xu 
and Jia, 2007; Yu et al., 2011; Zhang et al., 2015a); however, many of these utilized bi-parental 
and multi-parent crosses. Zhang et al. (2015a), found that the proportion of genetic variance was 
improved by the addition of epistatic effects for sudden death syndrome (SDS) in soybean.  
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CHAPTER 2 
 GENOME-WIDE ASSOCIATION AND EPISTASIS STUDIES OF Sclerotinia sclerotiorum 
RESISTANCE IN SOYBEAN 
 
Introduction 
 
Sclerotinia stem rot or white mold (WM) [Sclerotinia sclerotiorum (Lib.) de Bary] is an 
important fungal disease that affects soybean [Glycine max (L.) Merr.]. S. sclerotiorum is a 
necrotrophic fungi that spreads throughout the main stem causing the bleaching and shredding of 
tissue and severe wilting (Bolton et al., 2006).  
WM is prevalent in cool and moist environments. Since its first report in the United 
States in 1924, WM has spread into the soybean growing regions of Northern United States and 
Canada (Grau and Hartman, 1999).  In 2009, WM was ranked the second most damaging disease 
in the United States (Koenning and Wrather, 2010). After the high temperatures experienced in 
2012, estimated yield suppression has gradually increased from 3.9 million bu to 37.3 million bu 
in 2014 where it is currently ranked the fourth most damaging disease 
(http://extension.cropsciences.illinois.edu/). In addition to yield losses, WM can cause the loss of 
seed quality through oil content, and reduce germination (Hoffman et al., 1998; Mueller et al., 
1999).  
Severity and incidence of WM is highly variable from year to year due to its sensitivity to 
weather conditions, making it hard to effectively implicate control measures (Peltier et al., 2012). 
This makes the development of genetic controls desirable, and great efforts have been made to 
identify sources of resistance. Since sources of complete resistance have not been identified, 
sources with partial resistance are used for cultivar development in soybean breeding programs. 
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Identified sources include advanced cultivars and plant introductions (Grau et al., 1982; Hoffman 
et al., 2002). 
Bi-parental linkage mapping has led to the discovery of many quantitative trait loci 
(QTL) for partial resistance. A total of 103 QTL on 18 of the 20 soybean chromosomes have 
been recorded on Soybase with minimal overlap between QTL reported by different studies 
(www.soybase.org). These have therefore been difficult to utilize in marker assisted breeding.  
Genome-wide association (GWA) approaches overcome the limitations that linkage mapping 
present, such as limited allelic segregations between parents and lack of recombination due a 
population creation, while exploiting historical recombination through high resolution mapping. 
GWA has been highly utilized in soybean in order to dissect the genetic architecture of complex 
traits (Hwang et al., 2014; Mamidi et al., 2014; Sonah et al., 2015; Zhang et al., 2015b). GWA 
studies have been performed for several biotic stresses including S. sclerotiorum (Bastien et al., 
2014; Iquira et al., 2015; Zhao et al., 2015). However, these studies were done in controlled 
environments which have shown to have poor and inconsistent correlations with field evaluations 
(Wegulo et al., 1998; Kim et al., 2000; Hoffman et al., 2002). Therefore, there is a need for 
GWA studies developed in field environments to better accommodate the needs of soybean 
breeding programs. 
GWA has been used to identify many genetic variants associated with diseases; however, 
these only explain a portion of the heritability of complex traits (Manolio et al., 2009). A recent 
study in soybean explored both the additive and epistatic effects associated with SDS resistance 
(Zhang et al., 2015a). This was done through both GWA and genome-wide epistasis (GWE) 
studies and interactions identified were able to explain additional phenotypic variation. Although 
GWE has been utilized in human disease research, it has not been widely utilized in plants. Since 
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previous studies focus on the additive effects that result from GWA, information on epistatic 
interactions could increase the understanding behind the complex genetic architecture of 
quantitative traits and better assist breeders in identifying favorable allelic combinations. 
In order to provide better resources for soybean cultivar development programs that are 
breeding for improved WM resistance, new sources of WM resistance need to be identified and a 
better understanding of the genetic architecture conferring WM resistance is needed. The 
objective of this study were to discover new sources of WM resistance in soybean, identify 
markers associated with WM resistance for both additive and epistatic effects, and determine 
putative candidate genes that control WM resistance. In order to achieve this, 473 accessions 
were evaluated for WM resistance in various environments for a range of responses that were 
taken at varying time points. Accessions with available high-density SNP information were used 
to perform both GWA and GWE studies. 
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Experimental Procedures 
 
Plant material  
Material for phenotypic evaluation consisted of 473 diverse soybean accessions from 
groups I, II and III maturity as described by Hill et al. (2005). Accessions were obtained from the 
United States Department of Agriculture (USDA) Soybean Core Germplasm Collection curated 
by Randy Nelson in Urbana, IL. The Glycine max sub-collection consists of 19,525 accessions 
with diverse origins, available through the GRIN (Germplasm Resource Information Network, 
U.S. Department of Agriculture, Agricultural Research Service, http://www.ars-
grin.gov/npgs/index.html) online database. The core collection, containing 1,630 accessions, was 
developed using origin and phenotypic data and further narrowed down using SNP data (Oliveira 
et al., 2010; R. Nelson, personal communication). 
To facilitate the phenotypic evaluations performed in central Iowa, accessions from 
maturity groups I-III where chosen from the core collection’s available 1,630 accessions. This 
selection consists of 147, 171, and 155 accessions from maturity I, II, and III, respectively 
(Supplementary Table 2). Accessions originate from 28 different countries (Supplementary 
Table 3): China (263), Japan (74), Russia (38), South Korea (15), North Korea (12), France (10), 
Taiwan (4), Georgia (3), Belgium (2), Germany, Hungary, Poland, Ukraine Vietnam, Algeria (1), 
Austria, Eastern Europe, Indonesia, Iran, Korea, Moldova, Morocco, Portugal, Romania, Turkey, 
United States, Uzbekistan, and Yugoslavia, with 28 accessions of unknown origin. 
 Dupont Pioneer cultivars 92Y83 and 93M11 were grown as susceptible and resistant WM 
performance checks, respectively. ‘93M11’ is marked as highly suitable for white-mold prone 
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environments. In 2015 field (15HF) experiments, AxN-1-55 and PI567157A were grown as 
additional WM resistant checks (Diers et al., 2006). 
 
Field evaluations of white mold resistance 
Soybean accessions were planted on 2014 May 23 and 2015 June 01 in a disease nursery 
field located at the Horticultural Research Station near Ames, IA with two replications in a 
randomized complete block (RCB) design. Susceptible and resistant WM performance checks 
were repeated every 50 entries. In 2014, entries were planted in one-row 1.5 m long plots, spaced 
with 1.5 m alleys and 75 cm between adjacent plots in order to minimize border effects. The 
seeding rate was 5-6 seeds per 30 cm. In 2015, entries were planted in one-row 1.5 m long plots, 
spaced with 90 cm alleys and 75 cm between adjacent plots. The seeding rate was 8 seeds per 30 
cm to create a denser canopy and promote disease development and spread (Peltier et al., 2012). 
S. sclerotiorum cultures used in 2014 field (14HF) experiments were started from 
surface-sterilized sclerotia collected in 2013 from a field in Northeast Iowa by the ISU 
Department of Plant Pathology Mueller Lab. After the 2014 growing season, sclerotia were 
collected from the disease nursery field located near Ames, IA by the ISU Department of 
Agronomy Singh Lab for use in the subsequent year. Cultures were maintained on potato 
dextrose agar (PDA) at room temperature. Soybean accessions were inoculated using the method 
described by Bastien et al. (2012). The first set of inoculum was grown when maturity group I 
plots reached V5 growth stage (Fehr et al., 1971) on 2014 June 27 and 2015 July 08. To prepare 
inoculum, mycelial plugs from existing WM cultures, grown for 3-5 days, were transferred to 4-
L Erlenmeyer flasks containing 3,500 ml of potato dextrose broth (PDB).  Air tubes with glass 
pipettes on the end were inserted into each flask to provide agitation and aeration. Fungus was 
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allowed to grow for 6-7 days at room temperature. The day before each inoculation date, WM 
cultures growing in PDB were homogenized in a Waring Blender for 15 seconds to produce a 
uniform mycelial suspension. To make inoculum, cotton balls were saturated with the mycelial 
suspension (five hundred cotton balls per liter of the suspension) and stored in plastic bags at 
room temperature until inoculation the next day.  
Inoculations took place at 7am in 2014 starting on July 03 and at 5pm in 2015 starting on 
July 15. Inoculations times were planned to avoid the hottest parts of the day to facilitate 
pathogen survival and infection. Plots that had reached crop growth stage R1 (Fehr et al., 1971) 
were inoculated by placing an infested cotton ball on the lowest flowering node on the main 
stem. Each plant in a plot was inoculated. There were a total of five inoculation days, spread 6-7 
days apart to ensure that each row was inoculated at the R1 growth stage (Table 2).  
Table 2: Number of plots inoculated with white mold by year, date of inoculation, and 
maturity group (MG). 
Year 
Date of Inoculation 
First Second Third Fourth Fifth 
2014 3-Jul 9-Jul 15-Jul 21-Jul 28-Jul 
MG I 78 81 64 45 25 
MG II 26 59 48 102 105 
MG III 9 12 13 65 211 
Total 113 152 125 212 341 
Percent  12.0% 16.1% 13.3% 22.5% 36.2% 
2015 15-Jul 22-Jul 29-Jul 5-Aug 12-Aug 
MG I 113 94 58 19 2 
MG II 39 77 122 57 31 
MG III 5 24 61 121 88 
Total 157 195 241 197 121 
Percent  17.2% 21.4% 26.5% 21.6% 13.3% 
 
Fields were overhead sprinkler irrigated in order to create an epiphytotic disease nursery 
(Supplementary Table 4). Immediately after the first inoculation until seven days after the last 
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inoculation, plots were irrigated every two hours from 7am to 7pm  (Guo et al., 2008; Huynh et 
al., 2010; Bastien et al., 2012). Sprinklers were run at full capacity for two minutes at 7am and 
7pm, three minutes at 9am and 5pm, and five minutes at 1pm and 3pm. 
Following this period, until ratings were completed, a post-incubation irrigation schedule 
was employed. Plots were watered every three hours from 7am-7pm. Sprinklers were ran at full 
capacity for two minutes at 7am and 7pm, three minutes at 10am and 4pm, and five minutes at 
1pm. Irrigations was reduced as needed due to factors that increased canopy wetness such as 
rain, cool temperatures, and sufficient dew.   
 
Ratings were completed on 2014 Aug 26 and 2015 Sept 09 when plants reached the 
growth stage R5, about 30 days after inoculation (DAI). WM disease ratings (per plant) were 
taken according to the system developed by Grau et al. (1982). The disease severity scale was 
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based on a 0-3 scale: 0=no symptoms, 1=lateral branches showing lesions, 2=lesions on main 
stem, and 3=lesions on main stem resulting poor pod-fill or plant death (Figure 3). The disease 
severity was used to calculate the disease severity index (DSI) of each plot. The DSI ranged from 
0, no disease, to 100, all plants rated were dead or had poor pod-fill due to disease. 
𝐷𝑆𝐼 =
∑(𝑟𝑎𝑡𝑖𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑝𝑙𝑎𝑛𝑡)
3 ∗ (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠 𝑟𝑎𝑡𝑒𝑑)
∗ 100 
 
Greenhouse evaluations of white mold resistance 
In the 2014 greenhouse experiment (14GHSE), soybean accessions were evaluated using 
a RCB design blocked by two replications. Entries were pre-germinated for 4-7 days at room 
temperature, and one healthy seedling was transplanted into a Ray Leach cone-tainer (Stuewe 
and Sons, Inc.) on 2014 Dec 15. Cones were placed on a rack with blank rows spaced between 
planted rows. Accessions were placed in a greenhouse set at 20-25°C (Abawi and Grogan, 1975; 
Nelson et al., 1991a). Natural light was used in combination with high pressure sodium lights to 
provide a 16 hour photoperiod. 
Soybean accessions were inoculated when the third trifoliate was fully expanded, 
approximately four weeks after transplanting. The inoculation procedure was adapted from Guo 
et al. (2008) and will be referred to as the cut-petiole method. S. sclerotiorum cultures were 
started from surface-sterilized sclerotia collected in 2014 from WM field experiment located near 
Ames, IA. Cultures were maintained on PDA at room temperature. One cm fungal plugs taken 
from the outermost growth, were transferred to PDA plates, poured to an 8-mm depth, and 
incubated at room temperature for 72 hours. To inoculate, the second trifoliate was severed 
approximately 2.5 cm from the main stem using a razor blade. The large end of a 200 µL pipette 
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tip was inserted into the outermost edge of the WM mycelia culture to load the pipette tip with a 
fungal plug. The loaded pipette tip was then pushed onto the center of the cut petiole until it was 
even with the end of the agar plug (Figure 4).  This process was repeated for each plant in both 
replications.  
 
After inoculation, plants were placed inside a moisture chamber for a 48 hour incubation 
period. The chamber was constructed using PVC pipe and clear plastic. An Idylis Evaporative 
Humidifier was run at full capacity inside the moisture chamber in order to increase relative 
humidity during incubation. After the incubation period, the moisture chamber was removed and 
previous conditions were resumed.   
In 2015 greenhouse experiment (15GHSE), phenotypic data was collected from a 
randomized layout with single replication. Three seeds were directly planted into 8oz. styrofoam 
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cups for each soybean accession on 2015 March 31. At VC, cups were thinned down to two 
plants. Cups were spread out on April 23 and fertilized on April 29 to facilitate plant growth. 
Accessions were inoculated when the fifth trifoliate was fully expanded (V5; Fehr et al., 1971), 
approximately six weeks after planting. Conditions and inoculation procedure were as described 
previously, cutting the third youngest fully expanded trifoliate.   
WM infested plants in both years were rated for wilt score (WS) and severity on two 
separate dates: 3 and 14 DAI designated as DAI03 and DAI14, respectively. Disease severity 
was based on the scale previously described. Wilt score was recorded as the number of days after 
inoculation that wilting or plant death was first observed. Scores were taken every other day 
from 3-9 DAI, with a final rating 14 DAI. Plants that did not observe wilting by the final rating 
were given a fixed score of 20. In 15GHSE experiments, lesion length (LL) was measured 7 
DAI. Lesion length was also recorded in mm as the length of visible lesion or discoloring on the 
main stem. This included lesions above and below the infection court. 
 
Statistical analysis of phenotypic data 
Broad-sense heritability (H) was calculated across environments for DSI in field 
environments.  The equation used was 
𝐻 =
𝜎𝐺
2
𝜎𝐺
2 +
𝜎𝐺𝐸
2
𝑒 +
𝜎𝑒2
𝑟𝑒
 
where 𝑒 is the number of environments and 𝑟 is the number of replicates. Variance components 
were calculated using the lmer function (part of the lme4 package; Bates et al., 2015). A 
completely random genotype x environment model were used to calculate variance components 
of individual factors (𝜎𝐺
2, 𝜎𝐺𝐸
2 , and 𝜎𝑒
2). 
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Due to the highly diverse nature of the germplasm panel under study, emergence rates 
varied greatly in 14HF. Faced with this challenge, the commonly used plot score of DSI did not 
properly represent the data. Instead, individual plant severity ratings were kept and a mixed 
model approach was chosen to accommodate the unbalanced sample size among accessions. 
Because severity score is an ordinal trait, an ordinal logistic mixed model was ideal for analyzing 
the data (Bakinowska et al., 2016).  
In order to validate the choice of using all plant severity scores and an ordinal logistic 
mixed model (full), multiple models were compared. The second model also used plant severity 
score, but used a subset of data (modified). Due to late flowering accessions, not all plots 
reached R1 by the last inoculation date. In light of this, the subset of data excluded 79 accessions 
that were at less than 30% flowering at inoculation and was analyzed using an ordinal logistic 
mixed model. Using the response variable DSI in an analysis of variance, the following three 
methods where used to retrieve genotypic values: best linear unbiased estimators (BLUE), best 
linear unbiased predictors (BLUP), and a transformed BLUP. For the transformed BLUP, DSI 
was put through a shift and logarithmic transformation. A Spearman’s rank correlation was used 
to compare all models, and the ordinal logistic mixed model using all available data was used in 
all further analysis when applicable. 
All experiments and years were analyzed separately (See Supplementary Table 5 for trait 
abbreviations). When an experiment was replicated and the disease response was ordinal, a 
logistic mixed model analysis was used to obtain BLUP for each accession.  A mixed model 
approach was chosen to accommodate the unbalanced sample size among cultivars due to 
emergence rates. The analysis was performed using the clmm function (part of the ordinal 
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package; Christensen, 2015) executed in the R statistical analysis software version 3.2.1 
(www.R-project.org). The model for both field experiments (14HF and 15HF) was 
𝑌𝑗𝑘𝑙𝑚~𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(1, 𝜋𝑖𝑗𝑘𝑙𝑚) 
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑗𝑘𝑙𝑚) = 𝜃𝑖 +   𝑅𝑗 + 𝐴𝑘 + 𝑅𝐴𝑗𝑘 + 𝐷𝑙 + 𝑆𝑚 + 𝐷𝑆𝑙𝑚 
where 𝜃𝑖 is the intercept for the 𝑖th response category (𝑖=0,1,2), 𝑅𝑗 is the effect of the 𝑗th 
replication, 𝐴𝑘 is the effect of the 𝑘th accession, 𝑅𝐴𝑗𝑘is replication × accession interaction, 𝐷𝑙 is 
the effect of the 𝑙th inoculation date, 𝑆𝑚 is the effect of the 𝑚th range, and 𝐷𝑆𝑙𝑚 is inoculation 
date × range interaction. The term 𝑌𝑗𝑘𝑙𝑚 represents a vector of ratings and 𝜋𝑖𝑗𝑘𝑙𝑚 is the 
probability that 𝑌𝑗𝑘𝑙𝑚 will be rated at or below the 𝑖th response category. Replication was 
assumed to be a fixed effect, and all other terms were assumed to be random effects. Similarly, 
the model for 14GHSE-DAI03 and 14GHSE-DAI14 was 
𝑌𝑗𝑘~𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(1, 𝜋𝑖𝑗𝑘) 
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑗𝑘) = 𝜃𝑖 +   𝑅𝑗 + 𝐴𝑘 . 
Least-squares means for 14GHSE-WS were obtained for each accession.  A linear model 
was fitted using the lm function (part of the stat package; R Core Team, 2015) and means were 
calculated using the lsmeans function (part of the lsmeans package; Lenth and Hervé, 2015) in 
the R (www.R-project.org). A logarithmic transformation was performed in order to improve 
normality and homoscedasticity. Due to lack of replication in 15GHSE experiments, phenotypic 
data for each accession consisted of the average response of the two plants.   
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Genotyping and quality control 
 The SNP data was prepared by Song et al. (2013) using the Illumina Infinium 
SoySNP50K BeadChip. For the soybean accessions involved in this study, data was downloaded 
from SoyBase (www.soybase.org). For the 473 soybean accessions evaluated, genotype data was 
only accessible for 465 accessions. Of the 42,509 SNPs available from these accessions, 60 
SNPs that were presented in unanchored sequence scaffolds were excluded from further 
analyses. The dataset had a missing rate of 0.5%. Individual markers with missing rate larger 
than 10% were omitted and the remaining missing data were imputed using BEAGLE version 
3.3.1 with default parameter settings (Browning and Browning, 2007, 2009). SNPs with a minor 
allele frequency (MAF) <5% after imputation were also omitted for further analyses. A total 
36,105 SNPs were used for GWA and GWE studies.  
 
Marker distribution and linkage disequilibrium estimation 
Glyma.Wm.82.a1 reference genome was used to obtain chromosome physical lengths 
(bp) through SoyBase (www.soybase.org) which were used to calculate genome-wide inter-
marker distance and chromosome-wide densities. Pairwise LD between markers was measured 
using the squared correlation coefficient (r2) between alleles using the R package synbreed 
(Wimmer et al., 2012). Due to the variability of recombination between euchromatic and 
heterochromatic regions, r2 was calculated separately for these two regions. SoyBase was used to 
outline the boundaries of the euchromatin and heterochromatin regions. The average LD decay 
presented used only the r2 for SNPs with pairwise distance less than 10 Mb in either region of 
each chromosome by R script implementing the equation described in a previous study 
(Remington et al., 2001). The LD decay rate of the population used was measured as the 
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chromosomal distance where the average r2 dropped to half of its maximum value (Huang et al., 
2010). 
 
Genetic diversity 
Nucleotide diversity was measured by polymorphism information content (PIC). The 
equation used was 
𝑃𝐼𝐶𝑖 = 1 − (𝑀𝐴𝐹𝑖
2 + (1 − 𝑀𝐴𝐹𝑖)
2) − 2 ∗ 𝑀𝐴𝐹𝑖
2 ∗ (1 − 𝑀𝐴𝐹𝑖)
2, 
where 𝑀𝐴𝐹𝑖 is the minor allele frequency of the 𝑖th SNP (Nagy et al., 2012). The average PIC 
was calculated at 100 kb intervals.   
 
Genome-wide association and epistatic interaction analyses 
Phenotypic data of each rating for individual accessions were used to fit the one-way 
ANOVA model for naïve test (without correction for familial relatedness or population structure) 
implemented in R (www.R-project.org) and three types of models, general linear model (GLM), 
mixed linear model (MLM), and compressed MLM (cMLM), implemented in the GAPIT 
software for marker-trait association analyses (Zhang et al., 2010; Lipka et al., 2012). The 
models implemented in GAPIT take varying degrees of both familial relatedness and population 
structure into account depending on the model fitness, while the former does not. For the naïve 
test, the equation was  
𝑦 = 𝜇 + Χ𝛼 + 𝑒. 
For the cMLM analysis, the equation was 
𝑦 = 𝜇 + Χ𝛼 + Ρ𝛽 + Ζ𝑢 + 𝑒, 
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Where 𝑦 is the phenotype genetic value for each line, 𝜇 is the total mean, Χ is the incidence 
matrix relating the individuals to the fixed marker effects 𝛼, Ρ is the incidence matrix relating the 
individuals to the fixed principal component (PC) effects 𝛽, and Ζ is the incidence matrix 
relating the individuals to the random group effects 𝑢 obtained from the compression algorithm. 
The random group effects 𝑢 follows a multivariate normal distribution with mean 0 and 
variance-covariance matrix 𝐾𝜎𝑎
2, where 𝐾 is the kinship matrix, and 𝜎𝑎
2 is the additive genetic 
variance. The random error term 𝑒 follows a multivariate normal distribution with the mean 0 
and variance-covariance matrix 𝐼𝜎𝑒
2, where 𝐼 is the identity matrix and 𝜎𝑒
2 is the error variance 
component. For the MLM analysis, individuals are not compressed and each is considered its 
own group. Due to the constraints presented through the GAPIT package, GWA could not be 
performed without a random effect, in this case a kinship matrix. Therefore, GLM analysis is not 
completely fixed and individuals are compressed into four groups, creating a highly reduced 
kinship matrix. Results should be roughly equivalent to a GLM analysis and will therefore be 
referred to as such. 
The threshold for significant associations was determined by the empirical significance 
level of P<0.001. This was evaluated by performing 1,000 permutations of the GWAS as 
previously described by Zhang et al. (2015b). In a genotypic file where a row represented an 
individual accession and a column represented a single SNP, rows were randomly shuffled 
without changing the row names. This was repeated for each iteration. The threshold was set as 
the lowest P value of the SNP-trait association that did not meet the empirical significance level. 
Genome-wide epistatic interactions test were carried out in plink (v1.07, 
http://pngu.mgh.harvard.edu/purcell/plink/). The equation implemented was 
𝑦 = 𝑏0 + 𝑏1𝐴 + 𝑏2𝐵 + 𝑏3𝐴𝐵 + 𝑒, 
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where 𝑏0 is the overall mean, 𝑏1 is the additive effects of marker 𝐴, 𝑏2 is the additive effects of 
marker 𝐵, 𝑏3 is the interaction effect between markers 𝐴 and 𝐵, and 𝑒 is the random error 
following N(0,σ2e). A Bonferroni threshold of α=0.05 and α=1*10-10 were used to correct for 
multiple comparisons.  
 The proportion of phenotypic variance (𝑅2) explained by significant peak main effect 
SNPs or the significant peak main effect SNPs plus significant epistatic effect SNP-SNP 
interactions were calculated for each trait using a fixed linear regression model. The equation 
used was 
𝑅2 = 1 −
𝑅𝑆𝑆
𝑇𝑆𝑆
= 1 −
∑(𝑦 − ?̂?)2
∑(𝑦 − ?̅?)2
 , 
where 𝑅𝑆𝑆 is the residual sum-of-squares, TSS is the total sum-of-squares, 𝑦 is the response 
value, ?̂? is the fitted value, and ?̅? is the mean response value for each trait. 
 
Prediction of candidate genes 
Genes annotated in Glyma1.1, Glmy1.0, and NCBI RefSeq gene models available 
through SoyBase aligning to the Glyma.Wm.82.a2 reference genome (www.soybase.org) were 
used as the source of candidate genes. A 50 kB region one either side of peak SNPs were 
investigated unless significant SNPs were involved in a linkage block with r2>0.7. At this point, 
the more stringent region was investigated. The peak SNP is defined as the SNP with the lowest 
P value. The prediction of candidate genes resulted from the following priorities: i) genes of 
known function in soybean related to disease resistance, ii) genes of function-known orthologs in 
Arabidopsis related to disease resistance, and iii) genes pinpointed by the peak SNPs. 
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Results and Discussion 
 
Phenotypic variation  
Previous efforts to dissect the genetic architecture of WM resistance in soybean include 
three GWA studies (Bastien et al., 2014; Iquira et al., 2015; Zhao et al., 2015). All of these 
studies used controlled environments for phenotypic expression, but they differed in the genetic 
background (101-330 lines ranging from elite cultivars to landraces) and number of markers 
(7,864-25,179) used. Bastien et al. (2014) and Iquira et al. (2015) both used the cotton pad 
method to measure lesion length. Zhao et al. (2015) looked at a very specific reaction by 
measuring the soluble pigment content after treatment of stems with oxalic acid. The present 
study is the first to phenotype 465 accessions’ reactions to WM in multiple greenhouse and field 
trials. Experiments were analyzed separately in order to capture expression of resistant loci in 
different environments. This allowed the comparison of different environments in an attempt to 
understand the modes of resistance underlying each of them and possibly explain the lack of 
correlation between field and greenhouse evaluations that has been previously reported (Boland 
and Hall, 1987; Chun et al., 1987; Nelson et al., 1991a; Wegulo et al., 1998; Kim et al., 2000; 
Hoffman et al., 2002). 
When evaluating 14HF, the maximum emergence rate was 88.9% and WM symptoms 
were not observed in 61 accessions. Within these 61 accessions, plant number varied from 1 to 
18 plants (3.7-66.7% emergence). In subsequent experiments, WM symptoms were observed in 
all accessions. Disease spread more rapidly in young plants inoculated in 14GHSE compared to 
older plants inoculated in 15GHSE. In 15HF, methods used to maintain disease promoting 
conditions and wet weather (Figure 5) favored development of WM and the frequency of higher 
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severity ratings increased. These methods included an increase in seeding rate in order to 
develop a denser canopy and inoculating plots at 5pm in order to capture an elongated period of 
cool and damp conditions, aiding in the initial infection of WM in soybean. However, emergence 
rate still varied within this environment. 
 
Studies have shown that WM resistance has been associated with escape mechanisms 
such as lodging, plant height, date of maturity, and date of flowering (Boland and Hall, 1987; 
Nelson et al., 1991a; Kim et al., 1999; Kim and Diers, 2000). Five different dates of inoculation 
were used in field experiments in an attempt to account for and eliminate escape mechanisms 
such as date of flowering and maturity within the diverse soybean panel, pinpointing valuable 
sources of resistance. This was achieved by inoculating accessions based on a common growth 
stage, as well as maintaining disease promoting conditions. This minimized disease escapes and 
generated meaningful genetic data. However, this effort to produce quality data, along with 
unequal number of plants per row in the field tests, also led to unbalance in the data sets. 
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The broad-sense heritability estimate for DSI was 0.64 across field environments, 
suggesting that selections done for white mold resistance in a field setting would be effective. 
This estimate was similar to previously reported estimates for DSI among recombinant inbred 
line (RIL) populations which ranged from 0.30 to 0.71 in individual field environments and 0.59 
across environments (Kim and Diers, 2000).  
When using a plot score such as DSI, this variance in emergence could lead to distortions 
due to uneven sample sizes between plots. Additionally, assumptions of normality and 
homoscedasticity were not met for linear regressions analyzing DSI. An ordinal logistic 
regression overcomes these problems since it uses individual plant scores and does not make 
assumptions about the independent variable or residuals. Furthermore, a mixed model approach 
will also take into consideration the unbalance in the data set and adjust estimates towards the 
mean based upon sample size.  
Pearson’s correlation coefficients between genotypic values given by different ordinal 
logistic and linear regression models ranged from 0.75 to 0.96 (Table 3). Coefficients were lower 
among linear regressions that used DSI as its response variable. Correlation coefficients were 
highest when compared to the full ordinal logistic mixed model (0.81-0.96). Therefore, an 
ordinal logistic mixed model gave similar genotypic values to those given by various linear 
regressions. However, ordinal logistic regression was useful when dealing with variable sample 
size due to emergence in a diverse panel, unbalance due to date of inoculation, and ordinal 
response traits, providing confidence in the model chosen to better biologically represent the 
data. 
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Table 3. Pearson’s correlation coefficient among different methods used to obtain genotypic 
values for disease resistance from the diverse soybean association panel grown in a white mold 
nursery near Ames, IA in 2014. 
 
Plant Severity 
(Ordinal)    Disease Severity Index (Linear) 
Methods Full Modifieda   BLUEb BLUPc 
Transformed  
BLUP 
Plant Severity (Ordinal)           
Full 1.00 …  … … … 
Modified 0.96*** 1.00  … … … 
Disease Severity Index (Linear)           
BLUE 0.81*** 0.77***   1.00 … … 
BLUP 0.90*** 0.86***  0.87*** 1.00 … 
Transformed BLUP 0.89*** 0.86***  0.75*** 0.86*** 1.00 
***=Significant at the 0.001 probability level 
a Modified data set only using plots that had reached > 30% flowering on date of inoculation 
b BLUE, best linear unbiased estimator 
c BLUP, best linear unbiased predictor 
 
Spearman’s rank correlation coefficients between accession disease responses varied 
between and among experiments (Table 4). Within an individual experiment, correlation 
coefficients between traits were highly significant and varied from 0.46 and 0.90. In general, 
field experiments were significantly correlated to greenhouse experiments and coefficients 
ranged from 0.12-0.20 with the exception of 14GHSE-DAI14. These low correlations observed 
in this study support the fact that greenhouse experiments, although informative, do not correlate 
as well with field responses. This observation is supported by previous reports (Boland and Hall, 
1987; Chun et al., 1987; Nelson et al., 1991a; Wegulo et al., 1998; Kim et al., 2000; Hoffman et 
al., 2002). At a correlation coefficient of 0.32, 14HF and 15HF observed the highest correlation 
coefficient between experiments. In order to identify new sources of WM resistance, field 
screenings should be utilized as they are more representative of farmers’ fields. 
Poor and non-significant correlations to 14GHSE-DAI14 are most likely due to the fact 
that plants were inoculated at an early growth stage (V3), and the rapid spread of disease left the 
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bulk of accessions severely wilted or dead by this rating. In subsequent screenings trait 
collections should be performed at shorter intervals when young plants are being inoculated. 
15GHSE-DAI14, when plants were inoculated at the V5 growth stage, was more informative 
with significantly correlated coefficients between both years of field experiments and 14GHSE-
WS. Therefore, if using greenhouse screenings, the growth stage at which inoculations are 
performed should be considered.  
 
 
 
Genotypic values were examined to find source material for WM resistance that can be 
utilized in a soybean breeding program. The commercially available cultivar 93M11 was used as 
a resistant disease check and is marketed for white mold prone environments. This resistant   
14 Field 15 Field
Methods Severity DAI03 WS DAI14 DAI03 WS LL DAI14 Severity
14 Field
Severity 1.00 … … … … … … … …
14 GHSE
DAI03 0.15** 1.00 … … … … … … …
WS -0.18*** -0.78*** 1.00 … … … … … …
DAI14 -0.02 0.46*** -0.56*** 1.00 … … … … …
15 GHSE
DAI03 0.17*** 0.04 -0.09 -0.02 1.00 … … … …
WS -0.14** -0.09 0.12** -0.04 -0.63*** 1.00 … … …
LL 0.17*** 0.10* -0.11* 0.03 0.68*** -0.90*** 1.00 … …
DAI14 0.13** 0.09 -0.11* 0.02 0.63*** -0.90*** 0.84*** 1.00 …
15 Field
Severity 0.32*** 0.12** -0.20*** -0.01 0.20*** -0.15** 0.20*** 0.17*** 1.00
*,**,***=Significant at the 0.05, 0.01, and 0.001 probability levels
14 GHSE 15 GHSE
Table 4. Spearman's coefficients of rank correlation between different experiments and measurements of 
white mold disease resistance from the diverse soybean association panel.
14HF = 2014 field, 14GHSE = 2014 greenhouse, 15GHSE= 2015 greenhouse, and 15HF=2015 field 
environments
DAI03, DAI14 = Plant severity score given at 3 and 14 DAI, WS = wilt score, and LL = lesion length
36 
 
Table 5: Genotypic values of disease checks and accessions from the diverse soybean panel phenotyped for 
white mold resistance in multiple greenhouse and field environments for multiple traits 
 14HF  14GHSE  15GHSE  15HF 
Line Severity   DAI03 WS DAI14   DAI03 WS LL DAI14   Severity 
Accessions 
Lowest Disease 
Rating -1.49  -0.56 1.32 -1.42  0.50 20.00 1.00 1.00  -1.84 
Highest Disease 
Rating 2.24  2.24 0.45 0.13  3.00 3.00 119.50 3.00  1.64 
Disease checks 
92Y83 0.58  0.98 0.56 0.46  1.30 15.70 27.40 2.10  0.57 
93M11 0.52  0.49 0.55 -0.50  1.10 20.00 5.70 1.50  0.20 
Equally or better than 93M11 in all experiments 
PI153282 -0.40  -0.16 0.95 -0.66  1.00 20.00 3.50 1.50  -0.03 
PI196150 0.09  -0.38 1.30 -1.13  1.00 20.00 3.50 1.50  -0.44 
PI378679 0.31  -0.16 1.00 -0.56  1.00 20.00 5.50 1.50  -0.22 
PI467324 -0.46  -0.38 1.13 -0.57  1.00 20.00 3.50 1.50  -0.29 
PI507491 -0.98  -0.15 1.30 -1.26  1.00 20.00 5.00 1.50  -0.72 
PI549056 -0.55  -0.38 1.04 -0.57  1.00 20.00 4.50 1.50  -0.33 
PI567264A -0.89  -0.38 1.04 -0.66  1.00 20.00 3.50 1.50  -0.67 
PI594457A -0.48  0.03 0.89 -0.56  1.00 20.00 3.00 1.00  -0.47 
PI594902 -0.27  -0.38 1.22 -0.57  1.00 20.00 4.50 1.50  -0.39 
PI603335B -0.22  -0.38 1.04 -0.56  1.00 20.00 4.50 1.50  -0.35 
PI603674 -0.26  -0.15 1.00 -0.66  1.00 20.00 4.00 1.00  0.02 
Lowest 10% of disease ratings in both field trials 
PI086081 -1.49  0.25 0.72 0.13  2.00 14.00 7.00 3.00  -0.98 
PI086452 -0.84  -0.38 0.95 0.13  2.00 5.50 38.00 3.00  -0.83 
PI089156 -1.08  -0.16 0.80 0.13  1.50 14.00 15.50 2.50  -0.75 
PI227212 -1.36  0.25 0.60 0.13  2.00 12.00 23.00 3.00  -1.69 
PI379561 -0.83  0.23 0.63 0.13  0.00 0.00 0.00 0.00  -0.76 
PI437156C -1.30  0.04 0.74 0.13  1.50 9.50 24.00 2.50  -0.76 
PI437733 -0.93  0.04 0.65 0.13  1.00 20.00 3.00 1.50  -0.84 
PI458061A -1.20  0.23 0.65 0.13  0.50 20.00 5.00 2.00  -0.93 
PI479738 -0.84  -0.38 1.10 -0.56  1.00 10.50 16.00 2.50  -1.14 
PI504485 -0.81  -0.38 1.00 -0.66  1.00 20.00 5.00 2.00  -0.71 
PI507491 -0.98  -0.15 1.30 -1.26  1.00 20.00 5.00 1.50  -0.72 
PI567154 -0.85  -0.38 1.07 -0.56  1.00 20.00 8.00 2.00  -0.65 
PI567264A -0.89  -0.38 1.04 -0.66  1.00 20.00 3.50 1.50  -0.67 
PI578473A -1.17  -0.15 0.92 0.13  1.00 20.00 3.50 1.50  -0.85 
14HF = 2014 field, 14GHSE = 2014 greenhouse, 15GHSE= 2015 greenhouse, and 15HF=2015 field environments 
DAI03, DAI14 = Plant severity score given at 3 and 14 DAI, WS = wilt score, and LL = lesion length 
Lower genotypic values correspond to disease resistance for severity and lesion length responses and disease 
susceptibility in wilt score responses. 
Accessions found in both categories are highlighted in green. 
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check, ‘93M11’, consistently performed better than the susceptible check, ‘92Y83’, across 
experiments (Table 5). In the field trials however, both the resistant and susceptible disease 
checks performed similar to the susceptible half of the accessions. This could indicate that the 
diverse soybean panel provided useful sources of resistance.  
In general, disease checks did not differ in rank early in greenhouse experiments. As 
disease progressed, separation became more apparent. 15HF showed a greater separation 
between checks than that shown in 14HF. When disease checks were compared to accessions, 
eleven accessions consistently were rated equal or better than ‘93M11’ (Table 5) and nine 
accessions consistently rated equal or worse than ‘92Y83’ in all experiments. Additional 
resistance checks used in 15HF, PI567157A and ‘AxN-1-55’, were more resistant than ‘93M11’. 
Only two accessions, PI417054 and PI227212, rated equally or better than all resistant checks in 
15HF. In order to better assist breeders in selecting superior lines, ‘93M11’ should be replaced 
with checks demonstrating greater WM resistance such as ‘AxN-1-55’ and PI567157A. 
To determine the best source of material for soybean breeding programs, the lowest 
rating 10% of lines from each environment and trait were determined. Overall, the accession 
PI567264A rated as the most resistant line as its reaction was in the lowest 10% of disease 
ratings in all experiments for all traits. In light of the importance demonstrated for field 
resistance, field trails were further examined. Fourteen accessions were rated in the lowest 10% 
in both field trails (Table 5). Furthermore, PI227212 had the most resistant reaction and was 
rated in the lowest 1% of both field trials. These accession all originated near the center of 
diversity for soybean, including Japan (7), China (4), North Korea (1), South Korea, and Russia 
(Supplementary Table 7), and span all maturity groups. It will be useful to further evaluate 
accessions from this region as a source of WM resistance. Of all the accessions discussed, 
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PI567264A, PI507491, and PI227212 demonstrated excellent resistance and should be utilized in 
soybean breeding programs. 
 
SNP genotyping and genome analysis 
A total of 36,105 markers distributed over the entire genome were used for association 
mapping. The genome-wide inter-marker distance was 26.3 kb. Chromosomes-wide densities 
varied from 38.3 kb on chromosome 1 (Gm01) to only 19.0 kb on chromosome 13 (Gm13). 
SNPs were also unevenly distributed within chromosomes (Figure 6). The number of SNPs 
within the euchromatic region (74.4%) is much higher than that found in the heterochromatic 
region. Since only around 22% of genes are found in the heterochromatic region (Schmutz et al., 
2010), the percent of SNPs within this region is acceptable.   
The resolution of association mapping depends on the amount of recombination 
available, which is measured by LD decay rates (Rafalski, 2010; Lam et al., 2010). LD decay 
rates were measured separately for euchromatic and heterochromatic regions (Figure 7) since 
about 93% of recombination occurs in euchromatic region in soybean, even though it only 
accounts for 43% of the genome (Schmutz et al., 2010). When 𝑟2 reached 0.23, half its 
maximum value, LD decay rate was estimated at 217 kb and 2866 kb in euchromatic and 
heterochromatic regions, respectively.  This LD decay rate was slightly less than previous reports 
of around 350 kb using similar panels (Hwang et al., 2014; Zhang et al., 2015b). The average 
inter-marker distance of the SNPs was sufficient to capture the variation within the diverse 
soybean association panel used in this experiment.  
The diverse association panel of 465 soybean accessions had a low heterozygosity rate of 
0.6% when a total of 36,105 SNPs with MAF ≥ 0.05 and missing rate ≤ 10% were used and  
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reflects the inbreeding nature of the soybean. These SNPs had an average nucleotide diversity 
(PIC) of 0.30 (Figure 6). This value is between previously reported nucleotide diversity of 0.28 
in elite cultivars (Wen et al., 2014) and 0.35 in a broad panel of cultivated soybean (Li et al., 
2010). 
 
GWA analyses 
Population stratification and relatedness are known to give false positives in association 
mapping. The use of MLMs containing principle components (PC) and kinship matrices reduces 
these spurious results. Principal components and the level of compression for kinship matrices 
were determined using a model fitness test through GAPIT. The addition of principal 
components was not beneficial in all traits; therefore, no PCs were exploited in the association 
analysis of 8 of the 9 traits studied. Due to the diversity within this panel, it comes to no surprise 
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that population stratification was not an issue for most traits. However, one PC was required for 
15HF (Supplementary Table 8). This has shown to be the case in another GWA study and was 
thought to be due to differences between the genetic relationship of the panel and the phenotypic 
variation of the trait (Zhang et al., 2015b). 
As determined by quantile-quantile plots (Figure 8), MLMs and cMLMs controlled 
genomic inflation reasonably better than both the naïve model and GLM in all traits. However, 
the control of genomic inflation differed from trait to trait for MLM or cMLM. Therefore, 
cMLM was used to determine trait-marker associations for 14GHSE-WS, 15GHSE-LL, and 
15HF, else MLM was used. Tailoring these parameters to each trait to correct for population 
stratification and relatedness allowed the detection of resistant loci and reduced the number of 
false positives within the present study. Bonferroni and FDR corrections for significance 
thresholds were too stringent for the detection of resistant loci in GWA. WM resistance in 
soybean is a quantitative trait and this study and others have confirmed the presence of many 
small effect QTL. Therefore, an appropriate empirical significance level was used to declare 
significance (Churchill and Doerge, 1994; Zhang et al., 2015b). 
A total of 7, 23, 12, 12, 9, 8, 5, 2, and 9 significant SNPs were demonstrated to be 
associated with 14HF, 14GHSE-DAI03, 14GHSE-WS, 14GHSE-DAI14, 15GHSE-DAI03, 
15GHSE-WS, 15GHSE-LL, 15GHSE-DAI14, and 15HF, respectively (Supplementary Figure 1-
3). Significant SNPs found within 50 kb of each other were clumped together if contained in an 
LD block with 𝑟2 > 0.7. The strongest trait-associated SNP (peak SNP) within this cluster was 
kept for further analysis. This condition left a total of 3, 6, 6, 9, 6, 5, 4, 2, and 7 significant SNPs 
associated with WM resistance for 14HF, 14GHSE-DAI03, 14GHSE-WS, 14GHSE-DAI14, 
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15GHSE-DAI03, 15GHSE-WS, 15GHSE-LL, 15GHSE-DAI14, and 15HF, respectively (Table 
6). For individual traits, these loci explained 7-29% of the phenotypic variation (Figure 9). 
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Overlap between resistant loci were conserved within trials. Specifically, three loci were 
detected for multiple traits. SNP ss715589700 located at the 9.6 Mb position on Gm04 was 
detected for 14GHSE-DAI03 and 14GHSE-WS. Similarly, SNP ss715603406 located at the 26.2 
Mb position on Gm09 was detected for 14GHSE-WS and 14GHSE-DAI14. Finally, SNP 
ss715596502 located at the 16.0 Mb position on Gm07 was detected for 15GHSE-WS and 
15GHSE-DAI14 in 15GHSE. Notably, there was no overlap in loci detected between field 
environments. In order to explain the lack of overlap between theirs and previous studies, Iquira 
et al. (2015) suggested a number of probable causes. Since this study used the same diverse 
soybean panel and markers for each experiment, one could consider the differences most likely 
due to a QTL x environment interaction. This suggests that there are different underlying 
mechanisms controlling resistance in different environments and could explain the lack of 
correlation between greenhouse and field environments. This agrees with quantitatively inherited 
44 
 
traits previously reported to display significant environmental interactions (Malmberg et al., 
2005; Messmer et al., 2009; Li et al., 2015). 
Comparisons for previously reported QTL were done by projecting genetic map locations 
onto the Glyma.Wm.82.a1 reference genome physical map (SoyBase, www.soybase.org; 
Supplementary Table 1). This study identified main effect loci associated with WM resistance on 
all but three chromosomes: Gm11, Gm12, and Gm15 (Table 6). In previous studies, no QTL for 
WM resistance have been reported on Gm04 and Gm12, making this the first study to report 
significant main effect loci on Gm04. The genetic background used in previous studies could 
have inhibited the detection of loci on Gm04 in several ways: lack of segregation in bi-parental 
populations, low allele frequency in the panel chosen for GWA studies, extensive LD blocks, or 
marker density resulting in lack of LD with causal loci. This study used 465 diverse accessions 
in order to increase historic recombination and decrease linkage disequilibrium. Over 36 k 
markers were used in order to capture this genetic variation and increase the genetic resolution 
accordingly.   
Fourteen of the 45 identified main effect loci co-localized with previously reported QTL 
for WM resistance. Of these, five loci located on Gm08 and Gm09 overlapped with multiple 
QTL previously reported for WM resistance. When identified loci were compared to previous 
association mapping studies, SNP ss715581558 located at the 2.3 Mb position on Gm02 was in 
close proximity (57.1 kb) to an associated-marker reported by Iquira et al. (2015).  Both of these 
loci were reported to be associated with greenhouse resistance. In the present study, association 
was significant for 15GHSE-WS, whereas Iquira et al. (2015) measured lesion length. Due to the 
minimal number of markers (8,397) used in their study and the proximity of the two association 
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signals, these two loci most likely are linked to the same causal loci. This is the first report of co-
localization between two GWA studies.  
Candidate genes were predicted for loci significantly associated with each trait. Genes 
annotated in SoyBase (www.soybase.org) surrounding the peak SNP served as the source of 
potential candidate genes. A total of 37 candidate genes were predicted for main effect loci 
(Table 6). Of these, four were pinpointed by the peak SNP, four had known function in soybean 
related to disease resistance, and the remaining had function-known orthologs in Arabidopsis 
related to disease resistance. Among the five genes with known function in soybean, a novel G. 
max matrix metalloproteinase gene, GmMMP2, was found 14 kb directly downstream of a loci 
significantly associated with 14GHSE-WS (Liu et al., 2001). GmMMP2 is thought to contain a 
novel defense response after the study of its regulation in soybean tissue infected with an 
oomycete. GmSNI1 (Published gene Suppressor of NPR1, Inducible; where NPR1 is the 
Nonexpresser of PR [Pathogenesis-Related]) was located 1.5 kb upstream of a loci significantly 
associated with 15GHSE-LL (Mosher et al., 2006; Maldonado et al., 2014). Two additional gene 
with known function in soybean were predicted with association to 14GHSE-DAI14.These 
included a syringolide-induced protein B15-3-5 and G. max UDP-glucose:isoflavone 7-O-
glucosyltransferase (GmIF7GT) (Hagihara et al., 2003; Funaki et al., 2015). 
In addition to GmMPP2, a number of candidate genes are involved with the cell wall 
(structure, secretion, etc.). These include Glyma01g034600, Glyma04g191100, 
Glyma08g033200, and Glyma09g051100. Glyma01g034600 encode an acyl-esterase found in 
powdery mildew resistant 5 (pmr5) and is homologous to Arabidopsis TRICHOME 
BIREFRINGENCE-LIKE 27 (TBL27) (Vogel et al., 2004; XiaoFang et al., 2014). These genes 
have been shown to affect the primary wall formation through the modification of either pectin 
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or hemicellulose. Glyma04g191100 encodes a pectin lyase-like superfamily protein. Pectin lyase 
plays a key role in pectin degradation. Glyma08g033200 encodes a putative Multidrug and Toxic 
Compound Extrusion (MatE) transport protein, Activated Disease Susceptibility 1 (ADS1), in 
Arabidopsis. Finally, Glyma09g051100 is homologous to Arabidopsis CELLULOSE SYNTHASE 
A4 (CESA4) (Hernández-Blanco et al., 2007). CESA4 and pmr5 have not been linked to hormone 
signaling through salicylic acid (SA), jasmonic acid (JA), or ethylene. However, mutants in 
CESA4 have been shown to affect the integrity of the secondary wall, leading to the activation of 
defense pathways. 
Many of the predicted candidate genes encoded protein kinases such as a leucine-rich 
repeat receptor-like protein kinase (LRR-RLK). One of these genes, Glyma14g042400, is a 
putative disease resistant gene induced by chitin oligomers and is associated with 15HF. Other 
candidate genes were involved with hormone signaling. Hormone signals such as ethylene and 
JA are important to both plant development as well as necrotrophic fungi tolerance. Three genes 
were responsive to ethylene specifically, Glyma06g314000, Glyma08g215700, and 
Glyma19g248900, while three others were responsive to a similar hormone SA, 
Glyma04g209700, Glyma13g328100, and Glyma16g72400.  Glyma06g314000 is homologous to 
Arabidopsis ETHYLENE-INSENSITIVE 3-LIKE 1 (EIL1) (Zhu et al., 2011). EIL1, a transcription 
factor, has been shown to play a key role in the activation of JA and ethylene signaling. 
Glyma04g209700 is homologous to Arabidopsis PHYTOALEXIN DEFICIENT 4 (PAD4) (Jirage 
et al., 1999). PAD4 is thought to be involved in the regulation of SA and may affect the 
activation of subsequent defense responses. 
Different modes of resistance were determined through candidate gene prediction. Some 
of these were found in all environments tested, whereas others were limited to a single 
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environment. Overall, putative candidate genes reported for main effect loci have had modes of 
resistance that fit into three main categories: (i) cell wall, (ii) protein kinase/hormone signaling, 
and (iii) transcription factors. LLR-RLKs, a protein kinase, one of the major families of plant 
disease resistance genes (Gururani et al., 2012), made up a large portion of the putative candidate 
genes, and were found consistently within different environments. On the other hand, genes with 
annotations related to the cell wall were only found for loci associated with traits measured in 
14GHSE. Consequently, this was also when plants were inoculated the earliest of all 
environments.  
 
GWE interaction analyses 
Genome-wide epistatic interaction analysis had not yet been utilized in dissecting the 
genetic architecture of WM resistance in soybean. For epistatic test, a total of 99403, 14, 3, 7, 26, 
49, 16, 1, and 55436 significant SNP-SNP interactions were demonstrated to be associated with 
14HF, 14GHSE-DAI03, 14GHSE-WS, 14GHSE-DAI14, 15GHSE-DAI03, 15GHSE-WS, 
15GHSE-LL, 15GHSE-DAI14, and 15HF, respectively. As a general trend among trials, the 
older the plants were when inoculated, the greater number of significant interactions were 
reported. The number of significant interactions for field environments were much greater than 
those found significant for greenhouse. This could be due to the additional environmental 
interactions present within these trials that are controlled by design within greenhouse trials. At 
this significance level (𝛼 = 0.05), 16 of the 45 main effect SNPs determined by GWA were 
involved in SNP-SNP interactions (Supplementary Table). A main effect associated with every 
trait except 15GHSE-DAI14 was involved in a significant epistatic interaction, even though the 
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interaction itself was only associated with 14HF and 15HF. This is the only overlap in associated 
loci found between different environments in this study. 
Due to the high number of significant interaction, a more stringent significance level 
(𝛼 = 1𝑥10−10) was used to eliminate small effect interactions that would give a minimal impact 
in soybean breeding applications. After clustering significant SNPs within close proximity, a 
total of 17 and 1 significant SNP-SNP interactions were demonstrated to be associated with 
14HF and 15HF, respectively (Table 7). Loci involved within interactions were reported on 12 
different chromosomes. Multiple interactions were found between Gm06 and Gm16, between 
Gm14 and Gm19, and within Gm19. All individual loci involved in multiple interactions fell into 
these three situations. When including all SNP-SNP interactions and additive effect SNPs, the 
explained phenotypic variation increased from 27-29% to 28-36% in field environments (Figure 
9). 
At a higher significance level (𝛼 = 1 𝑥 10−10), no main effect SNPs had a significant 
epistatic interaction. This study identified highly significant SNP-SNP interactions associated 
with WM resistance on a total of 12 chromosomes (Table 8). GWA failed to identify any main 
effect loci on chromosomes Gm11, Gm12, and Gm15; however, between GWA and GWE, 
significant loci were found on all 20 of the soybean chromosomes (Figure 10). Four of the 25 
loci involved in significant SNP-SNP interactions co-localized with previously reported QTL for 
WM resistance. The QTL co-localizing with ss715618500 on Gm14 was reported by Vuong et 
al. (2008) and QTL co-localizing with loci on Gm15 and Gm19 were reported by Arahana et al. 
(2001; Vuong et al., 2008).  
Candidate genes were predicted for loci involved in SNP-SNP interactions. Genes 
annotated in SoyBase (www.soybase.org) surrounding the peak SNP served as the source of  
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potential candidate genes. A total of 26 candidate genes were predicted for loci involved in 
highly significant SNP-SNP interactions (Table 10). Glyma01g036100, Glyma12g058500, 
Glyma13g049200, Glyma14g026200, and Glyma18g018400 all contained similar functions to 
candidate genes reported for main effect loci. In addition to the three modes of resistance 
presented earlier, (i) cell wall, (ii) protein kinase/hormone signaling, and (iii) transcription 
factors, candidate genes associated with epistatic loci were reported with two additional distinct 
categories: (iv) flowering/senescence and (v) sugar allocation. Senescent or necrotic tissue are 
the source of nutrients for necrotrophic fungi like S. sclerotiorum. This is why flowers are 
thought to be the main infection court for ascospores and subsequently were the target of the 
cotton pad inoculation method used in field environments. The genes reported for highly 
significant epistatic loci also contained functions in both the modification and transport of 
sucrose. Sugars, including sucrose and its products, serves as important signaling molecules for 
multiple processes in a plant, including responses to biotic stresses (Rolland et al., 2002; Tauzin 
and Giardina, 2014). Pathogens exploit plant sugar supplies which subsequently can trigger plant 
defense responses (Tauzin and Giardina, 2014). The expression of genes that may modify or 
reallocate sugar supply have been shown to be altered during these interactions (Sutton et al., 
2007; Hyun et al., 2011)  
Candidate genes predicted in the complex interactions between Gm06 and Gm16 
involved these two newly identified modes of resistance. Glyma16g140900 contains a domain 
that inhibits both pectin methylesterases and invertase. Plant invertase catalyzes the hydrolysis of 
sucrose into glucose and fructose while pectin methylesterase acts on the major component of the 
cell wall. This gene interacts with both Glyma06g166800 and Glyma06g164900. 
Glyma06g166800 encodes a sucrose efflux transporter homologous to Arabidopsis SWEET12 
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(AtSWEET12). On the other hand, Glyma06g164900 is homologous to Arabidopsis AUXIN 
RESPONSE FACTOR 2 (AtAR2). AtARF2 has been found to promote flowering and regulates 
senescence and floral organ abscission (Ellis et al., 2005). The final gene predicted for this 
complex interaction is Glyma16g138800. This gene is homologous to Arabidopsis EARLY 
RESPONSIVE TO DEHDRATION-LIKE 6 (AtERDL6) gene which encodes a vacuolar glucose 
exporter that responds to stress and wounding (Poschet et al., 2011). An additional gene found 
that relates to flowering is Glyma19g101600 which encodes Arabidopsis ABA 
HYPERSNESITIVE 1 (ABH1). Mutants of ABH1 have been shown to affect mRNA important in 
flower-timing regulators (Kuhn et al., 2007). This loci interacts with another for which a 
candidate gene could not be designated. 
 
Evaluation of genotype in resistant accessions 
Soybean breeding programs use a number of different genetic resources when improving 
traits such as disease resistance. PI accessions with resistance to WM were identified from the 
diverse genetic panel.  The genetic variation present in this diverse association panel was useful 
to perform GWA and epistasis studies. Useful alleles identified through these approaches can be 
utilized through the integration of diverse germplasm into elite cultivars and the advancement of 
current disease resistant cultivars. 
The alleles of the main effect SNP and epistatic SNP-SNP interactions associated with 
WM resistance were investigated within accessions recommended as sources of resistance. 
Genotypic information was not available for PI547264A. As shown in Figure 11 and Figure 12, 
PI227212 and PI507491 differ in their distribution of favorable alleles for low disease ratings. 
PI507491 has a number of heterozygous alleles; therefore, further selection can be done within 
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this accession in order to improve disease resistance before considering its use as a source of 
material in a breeding program. PI227212 was chosen due to its superior field resistance. This is 
clear when comparing haplotypes with PI507491 which was chosen due to its overall resistance 
in both field and greenhouse. When investigating main effect loci (Figure 11), PI227212 is fixed 
for all but one favorable allele associated with field resistance, whereas it is only fixed for about 
half of the favorable alleles associated with greenhouse resistance. On the other hand, PI507491 
is favorably fixed or heterozygous for the majority of all main effect loci. 
The majority of epistatic loci are fixed or heterozygous for favorable alleles in both 
accessions (Figure 12). PI227212 however has several more alleles fixed for unfavorable alleles. 
Therefore, these epistatic loci should be considered when using this accession in a plant breeding 
program. Only six of the 77 main and epistatic effect loci are fixed in the non-favorable allele 
between the two accessions investigated. This study was able to successfully determine two 
resistant accessions through phenotypic data, confirm their resistance using loci associated with 
resistance, and determine areas of improvement. 
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Table 6: SNPs significantly associated with soybean WM resistance through genome-wide association and their predicted candidate genes. 
CHR Experiment Trait SNPa MAF P QTLb Candidate genesc Annotation Category 
1 14GHSE DAI03 ss715579141 0.49 6.00E-05 N Glyma01g034600 GDSL/SGNH-like Acyl-Esterase 
family found in Pmr and Cas1p 
Cell wall 
1 14GHSE WS ss715579291 0.37 2.69E-04 N MPP2 Matrix metalloproteinase Cell Wall 
1 15GHSE LL ss715578907 0.11 1.18E-05 N Glyma01g028000 Leucine-rich repeat receptor-
like protein kinase (LRR-RPK) 
Protein kinase 
          
2 14GHSE DAI14 ss715581133 0.06 3.13E-06 N Glyma02g013900 Myeloblastosis (myb)-like DNA 
binding protein 
Transcription 
factor 
2 15GHSE WS ss715581558 0.35 6.45E-05 N Glyma02g026200 NB-ARC domain-containing 
disease resistance protein 
Protein kinase 
2 15HF Sev ss715583594 0.23 6.40E-05 N Glyma02g059700 LRR-RLK Protein kinase 
          
3 14GHSE DAI14 ss715584553 0.34 2.72E-05 N B15-3-5 Syringolide-induced protein Apoptosis 
          
4 14GHSE DAI03 ss715588293 0.16 7.81E-05 N Glyma04g191100 Pectate lyase Cell wall 
4 14GHSE DAI03 ss715588567 0.06 1.95E-05 N Glyma04g209700 Lipase (class 3) Hormone 
signaling 
4 14GHSE DAI03 ss715589700 0.38 1.72E-04 N Unknown   
4 14GHSE WS ss715588326 0.22 3.14E-04 N Glyma04g192200 Retinoblastoma (Rb)-
associated protein 
Cell Cycle 
4 14GHSE WS ss715587089 0.28 2.25E-04 N Glyma04g114800 Chloride channel Cell regulation 
4 14GHSE WS ss715589700 0.38 5.33E-05 N Unknown   
          
5 14HF Sev ss715590908 0.16 5.56E-05 N Glyma05g144400 LRR-RLK Protein kinase 
          
6 15GHSE WS ss715595168 0.19 7.38E-05 N Glyma06g314000 Ethylene insensitive 3 Hormone 
signaling 
          
7 15GHSE WS ss715596502 0.39 1.88E-04 (Kim & Diers 2000) Glyma07g135400 LRR-RLK Protein kinase 
7 15GHSE DAI14 ss715596502 0.39 4.47E-05 (Kim & Diers 2000) Glyma07g135400 LRR-RLK Protein kinase 
7 15GHSE DAI14 ss715596517 0.23 8.02E-05 (Kim & Diers 2000) Glyma07g13660 Serine/threonine-protein 
kinase 
Protein kinase 
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Table 6 continued        
8 14HF Sev ss715599948 0.37 6.26E-05 (Guo et al. 2008) 
(Arahana et al. 2001) 
(Han et al. 2007) 
Glyma08g215700 Ethylene response factor(ERF) 
subfamily B-1 
Hormone 
signaling 
8 14GHSE DAI03 ss715601247 0.38 3.89E-05 N Glyma08g033200 Multi antimicrobial extrusion 
(MatE) protein 
Cell wall 
8 14GHSE DAI03 ss715600398 0.07 3.52E-04 (Guo et al. 2008) 
(Han et al. 2007) 
Glyma08g235900 LRR-RLK Protein kinase 
8 15HF Sev ss715602879 0.42 1.52E-04 N Glyma08g123300 LRR-RLK containing NB-ARC 
domain 
Protein kinase 
          
9 14GHSE WS ss715603406 0.31 2.89E-04 (Kim & Diers 2000) 
(Vuong et al. 2008) 
Glyma09g119600 LRR-RLK with Toll-like receptor Protein kinase 
9 14GHSE WS ss715603985 0.46 2.31E-04 N Unknown   
9 14GHSE DAI14 ss715604731 0.08 7.40E-05 N Glyma09g051100 Cellulose synthase Cell wall 
9 14GHSE DAI14 ss715603491 0.29 6.46E-05 (Vuong et al. 2008) IF7GT Isoflavone 7-O-
glucosyltransferase 1-like 
Metabolic 
process 
9 14GHSE DAI14 ss715603406 0.31 1.08E-05 (Kim & Diers 2000) 
(Vuong et al. 2008) 
Glyma09g119600 LRR-RLK with Toll-like receptor Protein kinase 
9 14GHSE DAI14 ss715604491 0.13 8.22E-05 N Glyma09g048400 Peroxidase Stress 
response 
9 14GHSE DAI14 ss715603408 0.30 7.13E-06 (Kim & Diers 2000) 
(Vuong et al. 2008) 
Unknown   
9 14GHSE DAI14 ss715603485 0.29 4.91E-05 (Vuong et al. 2008) Unknown   
9 14GHSE DAI14 ss715603503 0.28 7.30E-05 (Vuong et al. 2008) Unknown   
          
10 15GHSE LL ss715607699 0.09 1.20E-05 (Arahana et al. 2001) Glyma10g247900 Pyridoxal-phosphate 
dependent enzyme 
Growth and 
development 
10 15GHSE LL ss715608353 0.25 6.62E-05 N Glyma10g063500 Unknown  
          
13 15GHSE LL ss715614675 0.30 3.44E-05 (Arahana et al. 2001) SNI1 Negative regulator of systemic 
acquired resistance (SAR) 
Transcription 
factor 
13 15HF Sev ss715616351 0.41 7.99E-05 N Glyma13g328100 Small ubiquitin-like modifier 
(SUMO) ligase 
Hormone 
signaling 
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Table 6 continued        
14 15GHSE DAI03 ss715618815 0.44 1.86E-04 (Han et al. 2007) Glyma14g172200 Protein containing VQ motif Plant protein 
14 15HF Sev ss715618320 0.17 2.03E-04 (Vuong et al. 2008) Glyma14g042400 LRR-RLK putative disease 
resistant protein induced by 
chitin oligomers 
Protein kinase 
14 15HF Sev ss715618415 0.17 1.47E-04 (Vuong et al. 2008) Glyma14g044400 LRR-RLK Protein kinase 
          
16 15GHSE WS ss715624738 0.39 9.09E-05 N Glyma16g188700 Disease resistance family 
protein / LRR-RLK with Toll-like 
receptor 
Protein kinase 
16 15HF Sev ss715625404 0.32 2.70E-04 N Glyma16g072400 Glutaredoxin Hormone 
signaling 
16 15HF Sev ss715623502 0.33 3.07E-04 N Unknown   
          
17 15GHSE DAI03 ss715628199 0.38 1.95E-04 N Glyma17g097900 WRKY DNA-binding protein Transcription 
factor 
          
18 15GHSE DAI03 ss715630264 0.18 4.61E-06 N Glyma18g039900 Unknown Plant protein 
18 15GHSE DAI03 ss715630238 0.15 5.31E-05 N Glyma18g039400 LRR-RLK Protein kinase 
18 15GHSE WS ss715631537 0.34 1.46E-04 N Unknown   
          
19 14HF Sev ss715635935 0.33 7.35E-05 N Glyma19g248900 Ethylene response factor Hormone 
signaling 
          
20 15GHSE DAI03 ss715638266 0.39 1.53E-04 N Glyma20g185100 LRR-RLK, RNI-like Protein kinase 
20 15GHSE DAI03 ss715638269 0.40 1.40E-04 N Glyma20g185100 LRR-RLK, RNI-like Protein kinase 
aSNP ID is assigned on SoyBase (www.soybase.org) 
bQTL previously reported or newly identified in the present study, N: QTL have not been previously reported 
cGenes annotated in Glyma1.1, Glyma1.0, and NCBI RefSeq gene models in SoyBase (www.soybase.org) served as the source of candidate genes 
14HF = 2014 field, 14GHSE = 2014 greenhouse, 15GHSE= 2015 greenhouse, and 15HF=2015 field environments 
Sev, DAI03, DAI14 = Plant severity score given at R5, 3 DAI and 14 DAI, WS = wilt score, and LL = lesion length 
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Table 7: SNP-SNP interactions associated with soybean WM resistance at high significance threshold in 14HF through genome-wide epistasis analysis and their 
predicted candidate genes. 
CHR1 SNP1a MAF1 QTL1b 
Candidate 
genes1c 
Annotation1 CHR2 SNP2a MAF2 QTL2 
Candidate 
genes2 
Annotation2 P 
1 ss715579239 0.48 N Glyma01g
036100 
LRR and NB-
ARC domain-
containing 
disease 
resistance 
protein 
14 ss715618500 0.30 N Glyma14g
047300 
Unknown 4.20E-21 
4 ss715589210 0.37 N Glyma04g
083700 
Exostosin-
related 
protein 
12 ss715613101 0.47 N Glyma12g
062700 
Expansin 6.25E-21 
6 ss715593089 0.29 N Glyma06g
164900 
Auxin 
response 
factor 
16 ss715624192 0.43 N Glyma16g
140900 
Plant 
invertase/pect
in esterase 
inhibitor 
3.10E-20 
6 ss715593129 0.29 N Glyma06g
166800 
SWEET 
sucrose efflux 
transporter 
16 ss715624158 0.43 N Glyma16g
138800 
Vacular 
gluclose 
exporter 
8.28E-20 
6 ss715593129 0.29 N Glyma06g
166800 
SWEET 
sucrose efflux 
transporter 
16 ss715624192 0.43 N Glyma16g
140900 
Plant 
invertase/pect
in esterase 
inhibitor 
1.42E-21 
10 ss715605960 0.27 N SPB Sucrose-
binding 
protein 
10 ss715605970 0.49 N Glyma10g
028700 
Methylcroton
yl-CoA 
carboxylase 
(MCCase) 
biotin 
containing 
subunit 
7.24E-20 
11 ss715611069 0.41 N Glyma11g
094000 
Unknown 13 ss715616735 0.45 N Glyma13g
068000 
Unknown 1.27E-21 
11 ss715608844 0.23 N Unknown  11 ss715609123 0.27 N Glyma11g
180500 
CCR4 
associated 
factor 
1.17E-19 
12 ss715613081 0.33 N Glyma12g
058500 
Universal 
stress protein 
family 
12 ss715613082 0.35 N Glyma12g
059200 
Senescence-
associated 
gene 13-like 
7.20E-21 
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Table 7 continued            
13 ss715617123 0.27 N Glyma13g
049200 
GDSL/SGNH-
like Acyl-
Esterase 
family found 
in Pmr and 
Cas1p 
16 ss715624199 0.41 N Glyma16g
141300 
GRAS family of 
transcription 
factors 
1.20E-19 
14 ss715617886 0.26 N Glyma14g
024500 
Disease 
resistance 
protein (TIR-
NBS-LRR) 
19 ss715635906 0.32 N Unknown  6.33E-21 
14 ss715617924 0.28 N Glyma14g
026200 
GDSL/SGNH-
like Acyl-
Esterase 
family found 
in Pmr and 
Cas1p 
19 ss715635906 0.32 N Unknown  3.65E-20 
14 ss715617374 0.17 N Glyma14g
102100 
Unknown 18 ss715628872 0.28 N Glyma18g
018400 
Ethylene 
insensitive 3 
7.55E-21 
15 ss715622572 0.42 Y Glyma15g
064800 
Ubiquitin 
ligase complex 
15 ss715622587 0.19 Y Glyma15g
064900 
LRR-RLK with 
mannose-
binding lectin 
domain 
2.04E-20 
19 ss715636461 0.45 N Unknown  19 ss715636503 0.46 Y Glyma19g
054300 
Transmembra
ne amino acid 
transport 
1.48E-20 
19 ss715634142 0.31 N Unknown  19 ss715634188 0.30 N Glyma19g
100800 
LRR-RLK, 
phytosulfokin 
receptor 1 
8.79E-22 
19 ss715634188 0.30 N Glyma19g
100800 
LRR-RLK, 
phytosulfokin 
receptor 1 
19 ss715634227 0.31 N Unknown  1.10E-19 
19 ss715634204 0.30 N Glyma19g
101600 
Nulear cap-
binding 
protein 
19 ss715634219 0.33 N Unknown  4.81E-20 
aSNP ID is assigned on SoyBase (www.soybase.org) 
bQTL previously reported or newly indentified in the present study, N: QTL have not been previously reported, Y: QTL previously reported by Arahana et al. (2001) 
and Vuong et al. (2008) 
cGenes annotated in Glyma1.1, Glyma1.0, and NCBI RefSeq gene models in SoyBase (www.soybase.org) served as the source of candidate genes 
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CHAPTER 3 
CONCLUSIONS 
 
Conclusion 
Using a high mapping resolution, 45 main effect and 18 epistatic interactions were 
associated with WM resistance in soybean when tested for various traits in multiple 
environments. Putative candidate genes identified multiple modes of resistance, including 
cell wall structure and hormone signaling pathways. Several transcription factors potentially 
involved in resistance were also identified. The importance of epistatic interactions in the 
study of WM resistance was determined. Candidate genes indicated that sucrose allocation 
and flowering regulation may play an important role in resistance.  
Although genes and pathways differ between environments, multiple resistant 
accessions were identified. PI227212 and PI507491 were shown to contain favorable alleles 
and be useful sources for the development of soybean cultivars with improved WM 
resistance. Although greenhouse environments provide a less labor intensive option for 
resistance screening, low correlations establish the importance of utilizing specialized WM 
nurseries to select for resistance that will be useful in a production environment. 
 
Recommendations for Future Work 
The putative candidate genes predicted in this study were based on DNA results. The 
roles of these genes need to be further studied through expression profiling in order to 
validate their role in WM resistance. Various methods have been developed for validation, 
including the use of near isogenic lines (NIL) or recombinant inbred lines (RIL). Due to the 
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number of loci identified as significantly associated with white mold resistance, RNA 
sequencing (RNAseq) provides an approach to detect whether the expression of a candidate 
gene is significantly up or down regulated between resistant or susceptible lines. The 
candidate genes that are significantly different may then be further evaluated through 
processes such as virus-induced gene silencing (VIGS) or a mutation study for gene 
homologs in a model organism such as Arabidopsis.  
Due to the complex nature of WM, many small effect QTL were identified. Therefore 
marker-assisted selection is not a desirable approach for cultivar development, and instead 
genome wide-selection should be implemented. Finally, higher throughput methods need to 
be developed to aid in phenotypic screenings of WM resistance in specialized disease 
nurseries. 
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Supplementary Table 1: Previously reported QTL associated with white mold resistance in soybean determined through linkage mapping and  
genome-wide association.  
Markers Associated LG 
Linkage Map 
Positiona 
CHR 
Physical Map Positionb 
Source Population Reference Start  End Start  End 
Satt502 Sat_159 D1a 49.84  50.08 1 8541268  26399477 Hefeng 25 x 
Maple Arrow 
149 F5:6 
RILs 
Li et al. 2009 
Gm01:29185984 D1a …  … 1 29185984  … Private 
Breeding Panel 
130 elite 
lines 
Bastien et al. 
2014 
BARCSOYSSR_01_0884  
BARCSOYSSR_01_1102 
D1a 89.21  91.19 1 34488200  42849117 Hefeng 25 x 
Maple Arrow 
128 F5:10 
RILs 
Zhao et al. 
2015 
Satt147  
Satt 129 
D1a 108.89  109.67 1 53920004  54743117 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt147  
Satt 129 
D1a 108.89  109.67 1 53920004  54743117 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt147  
Satt 129 
D1a 108.89  109.67 1 53920004  54743117 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt147  
Satt 129 
D1a 108.89  109.67 1 53920004  54743117 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Gm02:2385261 D1b …  … 2 2385261  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt172 D1b 99.89  101.89 2 45655503  46353672 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt459 D1b 117.62  119.62 2 47547423  49529918 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt459 D1b 117.62  119.62 2 47547423  49529918 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt459 D1b 117.62  119.62 2 47547423  49529918 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt459 D1b 117.62  119.62 2 47547423  49529918 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued        
            
Gm03:3012147 N …  … 3 3012147  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt009 N 27.52  29.52 3 3169968  3465323 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt009 N 27.52  29.52 3 3169968  3465323 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt009 N 27.52  29.52 3 3169968  3465323 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt009 N 27.52  29.52 3 3169968  3465323 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt009 N 27.52  29.52 3 3169968  3465323 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt387 N 52.25  54.25 3 36046677  37621954 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Gm03:44735630 N …  … 3 44735630  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt155  
SLS1C.L24 
A1 32.68  … 5 29157354  … Bi-parental 
Population 
… Han et al. 
2007 
Satt545 A1 70.39  72.39 5 35700514  36805488 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt545 A1 70.39  72.39 5 35700514  36805488 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt545 A1 70.39  72.39 5 35700514  36805488 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
rs2707217  C2 …  … 6 2707217  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
Satt658  
Satt363 
C2 98.07  113.62 6 15756353  20554757 Maple Donovan 
x OAC Bayfield 
180 F4 
derived lines 
Huynh et al. 
2010 
            
  
  
7
7
 
Supplementary Table 1 continued        
Satt708  
Sat_312  
Sat_238 
C2 112.84  117.45 6 35215132  43228956 Maple Donovan 
x OAC Bayfield 
180 F4 
derived lines 
Huynh et al. 
2010 
OAA09_600 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OAA15_750 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OX03_500 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OQ18_550 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OF20_1100 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OI04_500 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OY11_370 C2 …  … 6 …  … S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
Satt463  
Satt175 
M 50.09  66.98 7 8243902  15307140 Diverse Panel 
or 
Bi-parental 
Population 
… Sebastian et 
al. 2009 
IaSU-A226H-1 M 70.09  72 7 15694131  16804048 S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
Gm08:7606596 A2 …  … 8 7606596  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Gm08:7650317 A2 …  … 8 7650317  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt424 A2 59.59  61.59 8 9997461  10650702 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued        
            
Satt424 A2 59.59  61.59 8 9997461  10650702 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt424 A2 59.59  61.59 8 9997461  10650702 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt424 A2 59.59  61.59 8 9997461  10650702 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Sat_129  
Satt329 
A2 84.08  110.94 8 14730465  21161226 Bi-parental 
Population 
… Han et al. 
2007 
Satt223 A2 99.09  101.09 8 17076753  18172051 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt525  
Satt233 
A2 96.97  100.08 8 17076794  17298059 Hefeng 25 x 
Maple Arrow 
149 F5:6 
RILs 
Li et al. 2009 
Satt329  
Satt327  
Satt233 
A2 104.83  114.83 8 17409887  23213082 PI 391589B x 
IA2053 
94 F2 
derived lines 
Guo et al. 
2008 
BARCSOYSSR_08_1160  
BARCSOYSSR_08_1127 
A2 55.89  59.74 8 20511527  21678039 Hefeng 25 x 
Maple Arrow 
128 F5:10 
RILs 
Zhao et al. 
2015 
Satt209 A2 120.27  136.61 8 39277034  43854004 PI 391589B x 
IA2053 
94 F2 
derived lines 
Guo et al. 
2008 
Sat_138 A2 121.4  125.11 8 39277034  40042971 Merit x PI 
194639 
155 F4:5 RIL Vuong et al. 
2008 
BARC-Satt46 K 44.59  46.59 9 4515037  13127020 S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
BARC-Satt46 K 45.6  47.3 9 10894116  19924204 S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
OW13_900 K 46.3  48.3 9 18970200  27491448 S19-90 x 
Williams82 
152 F3 
derived 
Kim and Diers 
2000 
Satt273 K 46.91  66.31 9 20552805  37987549 Merit x PI 
194639 
155 F4:5 RIL Vuong et al. 
2008 
Satt273 K 55.62  57.52 9 34198236  35189004 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt273 K 55.62  57.52 9 34198236  35189004 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued        
            
Satt273 K 55.62  57.52 9 34198236  35189004 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt273 K 55.62  57.52 9 34198236  35189004 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt260 K 79.12  81.12 9 39613774  41304432 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt260 K 79.12  81.12 9 39613774  41304432 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt588 K 116.02  118.02 9 44398235  46812848 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Gm10:2829577 O …  … 10 2829577  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
rs15929904  K …  … 10 15929904  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
Gm10:31766279 O …  … 10 31766279  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt478 O 70.1  72.1 10 38408822  38844703 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt478 O 70.1  72.1 10 38408822  38844703 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt478 O 70.1  72.1 10 38408822  38844703 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt478 O 70.1  72.1 10 38408822  38844703 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt477 Satt123 O 82.09  86.86 10 39749378  40272758 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt477 Satt123 O 82.09  86.86 10 39749378  40272758 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued       
Satt477 Satt123 O 82.09  86.86 10 39749378  40272758 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt243  
Sat_109 
O 119.5  127.5 10 46088236  47603191 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt243  
Sat_109 
O 119.5  127.5 10 46088236  47603191 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt243  
Sat_108  
Sat_109 
O 119.5  129.3 10 46088236  47603419 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt_109 O 126.5  128.5 10 47345571  47603419 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt_109 O 126.5  128.5 10 47345571  47603419 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt477 O 81.09  83.09 10 238844703  40603801 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt477 O 81.09  83.09 10 238844703  40603801 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
rs1808219  B1 …  … 11 1808219  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
Satt197 B1 45.39  47.39 11 7847214  9078380 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Sat_095  
BARCSOYSSR_11_1208 
B1 124.11  127.86 11 29344200  33629573 Hefeng 25 x 
Maple Arrow 
128 F5:10 
RILs 
Zhao et al. 
2015 
Sat_156  
Satt251 
B1 35  36.48 11 …  6896627 Hefeng 25 x 
Maple Arrow 
149 F5:6 
RILs 
Li et al. 2009 
SAG1032  
SCT_026 
B1 65.6  71.6 11 …  … Diverse Panel 
or 
Bi-parental 
Population 
… Sebastian et 
al. 2009 
BARCSOYSSR_13_0114  
BARCSOYSSR_13_0197 
F 73.72  74.64 13 2195422  3999909 Hefeng 25 x 
Maple Arrow 
128 F5:10 
RILs 
Zhao et al. 
2015 
rs3296245 F …  … 13 3296245  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
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Supplementary Table 1 continued       
            
rs3296576  F …  … 13 3296576  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
rs3446126  F …  … 13 3446126  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
rs4244040  F …  … 13 4244040  … Diversity Panel 330 Chinese 
accessions 
Zhao et al. 
2015 
Satt149  
AW186493 
F 18.12  21.04 13 4687077  4976740 PI 391589B x 
IA2053 
94 F2 
derived lines 
Guo et al. 
2008 
Satt114 F 62.69  64.69 13 24710425  25789087 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt114 F 62.69  64.69 13 24710425  25789087 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt114 F 62.69  64.69 13 24710425  25789087 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt114 F 62.69  64.69 13 24710425  25789087 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt114 F 62.69  64.69 13 24710425  25789087 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt510 F 70.41  72.41 13 27144525  28329559 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt510  
Satt335 
F 71.5  77.7 13 27839401  28415888 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt126 B2 21.25  33.99 14 2954747  6968190 Merit x PI 
194639 
155 F4:5 RIL Vuong et al. 
2008 
Gm14:4612686 B2 …  … 14 4612686  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Satt070  B2 71.81  73.81 14 33076539  42622843 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt070 B2 71.81  73.81 14 33076539  42622843 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued 
Satt556  
P1694(Satt063) 
B2 73.2  93.48 14 39579320  46705899 Bi-parental 
Population 
… Han et al. 
2007 
OP_m12b E 21.84  23.84 15 4135745  6825880 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
OP_m12b E 21.84  23.84 15 4135745  6825880 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
OP_m12b E 21.84  23.84 15 4135745  6825880 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
OP_m12b E 21.84  23.84 15 4135745  6825880 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt720  
Satt212 
E 20  32 15 5871699  6805121 PI 391589B x 
IA2053 
94 F2 
derived lines 
Guo et al. 
2008 
Gm15:12233432 E …  … 15 12233432  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Gm15:13651235 E …  … 15 13651235  … Private 
Breeding Panel 
130 elite 
lines 
Bastien et al. 
2014 
Satt185  
Satt491  
Satt261 
E 44.25  45.25 15 19663839  28606547 PI 391589B x 
IA2053 
94 F2 
derived lines 
Guo et al. 
2008 
Gm15:47443434 E …  … 15 47443434  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
PHP10118C  
Satt231 
E …  70.23 15 …  50497702 Bi-parental 
Population 
… Han et al. 
2007 
P1047(Satt596)  
A724_1 
J 39.63  84.89 16 …  … Bi-parental 
Population 
… Han et al. 
2007 
Satt458 D2 23.52  25.52 17 4334376  6156435 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt154 D2 56.07  58.07 17 9949623  13062931 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued        
            
Satt543 D2 87.02  89.02 17 20438160  27766932 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt543  
Satt301 
D2 88.02  93.71 17 30637395  39047147 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt256 D2 123.31  125.31 17 40214993  40773799 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt256 D2 123.31  125.31 17 40214993  40773799 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt256 D2 123.31  125.31 17 40214993  40773799 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
PHP8701R  
Satt311 
D2 …  84.62 17 …  18436187 Bi-parental 
Population 
… Han et al. 
2007 
S60239-TB* 
Satt356** 
G 0  8.5 18 1343760  1621283 Diverse Panel 
or 
Bi-parental 
Population 
… Sebastian et 
al. 2009 
Satt394 G 42.38  44.38 18 8828727  10714499 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt394 G 42.38  44.38 18 8828727  10714499 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt394 G 42.38  44.38 18 8828727  10714499 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt472  
Satt191 
G 84.84  96.57 18 57442228  58722746 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt191 G 95.57  97.57 18 58136158  59279016 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt191 G 95.57  97.57 18 58136158  59279016 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt191 G 95.57  97.57 18 58136158  59279016 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt191 G 95.57  97.57 18 58136158  59279016 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
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Supplementary Table 1 continued        
Satt182 L 14.03  … 19 2014557  2014607 Merit x PI 
194639 
155 F4:5 RIL Vuong et al. 
2008 
Satt523  
SLS2C.F20 
L 27.92  … 19 7155427  … Bi-parental 
Population 
… Han et al. 
2007 
Satt143 L 29.19  31.19 19 8990607  15995050 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt143 L 29.19  31.19 19 8990607  15995050 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt143 L 29.19  31.19 19 8990607  15995050 DSR173 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt143 L 29.19  31.19 19 8990607  15995050 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt143  
Satt_134 
L 28.27  30.19 19 15995050  16621102 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt481 L 53.57  55.5 19 36557287  40445435 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt481 L 53.57  55.5 19 36557287  40445435 Dassel x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt481 L 53.57  55.5 19 36557287  40445435 S19-90 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt481 L 53.57  55.5 19 36557287  40445435 Vinton81 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt166  
Satt448 
L 77.1  78 19 42415497  41916849 Diverse Panel 
or 
Bi-parental 
Population 
… Sebastian et 
al. 2009 
Gm19:50557054 L …  … 19 50557054  … Private 
Breeding Panel 
130 elite 
lines 
Bastien et al. 
2014 
Satt451 I 19.34  21.34 20 1291772  1891371 Corsoy79 x 
Williams82 
100 F5:6 RIL Arahana et al. 
2001 
Satt700  
Satt614  
Satt354 
I 25.52  40.52 20 2053507  32934647 Maple Donovan 
x OAC Bayfield 
180 F4 
derived lines 
Huynh et al. 
2010 
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Supplementary Table 1 continued       
            
Gm20:33511401 I …  … 20 33511401  … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
Gm20:39698515 I …  … 20 39698515  … Private 
Breeding Panel 
130 elite 
lines 
Bastien et al. 
2014 
Gm20:42688433 I …  … 20 42688433   … Diverse Disease 
Panel 
101 
accessions 
and elite 
genotypes 
Iquira et al. 
2015 
a QTL interval and position (cM) are based on the soybean composite map (Song et al., 2004) as reported by SoyBase (www.soybase.org) when 
available 
b QTL interval and position (bp) based on the Glyma.Wm.82.a1 reference genome as reported by SoyBase (www.soybase.org) when available 
* Position reported as linked marker Satt038 (Sebatian et al., 2009) 
** Position reported as linked marker Sat_210 (Sebatian et al., 2009) 
LG = linkage group 
CHR = chromosome 
  
  
8
6
 
Supplementary Table 2: Accessions used from the USDA Soybean Germplasm Core Collection and their country of origin and maturity group (MG)  
based on USDA GRIN data. 
Accession Country MG  Accession Country MG  Accession Country MG 
PI054591 Unknown III  PI404160B Georgia III  PI506800B Japan III 
PI054608-1 China II  PI404166 China III  PI506887 Japan III 
PI054854 China I  PI404169B China III  PI507027 Japan II 
PI062202 China III  PI407653 China III  PI507147 Japan III 
PI065388 China II  PI407656 China II  PI507171 Japan III 
PI068685 China II  PI407659A China II  PI507195 Japan II 
PI068788 China II  PI407746 China III  PI507267 Japan III 
PI068815 Unknown II  PI407810 South Korea III  PI507487 Japan III 
PI070241 China I  PI416762 Japan II  PI507491 Japan III 
PI070463 China II  PI416773 Japan II  PI507717 North Korea I 
PI071161 China I  PI416835 Japan II  PI512322C Georgia I 
PI072232 China III  PI416868A Japan III  PI518283 Taiwan II 
PI079586 China II  PI416892 Japan III  PI518706A China I 
PI079593 China II  PI417054 Japan III  PI518757 Taiwan III 
PI079648 China I  PI417091 Japan II  PI522188A Russia I 
PI079691-4 Unknown III  PI417138 Japan II  PI524994 Russia I 
PI079694 Unknown I  PI417139 Japan I  PI532456 China II 
PI079727 Unknown I  PI417167 Japan III  PI532462A China III 
PI079756 China II  PI417198 Japan III  PI532472 Japan II 
PI079870-1 China I  PI417297 Japan III  PI538377 China III 
PI080459 Japan III  PI417513B Eastern Europe I  PI538389 Japan III 
PI080461 Unknown III  PI417517 Yugoslavia I  PI538393 China I 
PI080469 Unknown II  PI417559 Poland III  PI538400 China II 
PI080831 China III  PI423870 Japan II  PI538403 Japan I 
PI081044-2 Unknown III  PI424005 South Korea III  PI538410B Japan I 
PI081667 Unknown III  PI424078 South Korea III  PI540739 China I 
PI081763 China II  PI430596 China II  PI548316 China III 
PI081765 China I  PI430597 China II  PI548329 Japan I 
5
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Supplementary Table 2 continued        
           
PI081766 China III  PI430619 China III  PI548336 Russia I 
PI081767 China II  PI437091 Russia I  PI548349 North Korea III 
PI081768 China II  PI437098 Russia I  PI548373 China III 
PI081770 China II  PI437116 Russia I  PI549021A China III 
PI081771 China II  PI437121B Russia II  PI549031 China III 
PI081773 Unknown II  PI437122 Russia II  PI549041A China III 
PI082278 South Korea III  PI437124 Georgia III  PI549056 Japan II 
PI084611 South Korea III  PI437145B Russia II  PI549058 Japan II 
PI084921 Unknown II  PI437156C Russia I  PI549064 Japan II 
PI084973 Japan III  PI437165A Russia I  PI561227 China II 
PI085009-1 Japan III  PI437174B Russia I  PI561230 China II 
PI085356 Unknown III  PI437340B Russia II  PI561232 China I 
PI086002 Unknown II  PI437343 Russia I  PI561315 China I 
PI086006 Japan III  PI437345 Russia II  PI561333 China I 
PI086046 Japan II  PI437356 Russia II  PI561346 China I 
PI086081 Japan III  PI437377 Russia III  PI561348 China I 
PI086145 Japan III  PI437399 Russia II  PI561349 China II 
PI086449 Unknown III  PI437425 Russia I  PI561377 Japan II 
PI086452 Japan III  PI437427B Russia II  PI562387 Japan I 
PI087600-1 Unknown III  PI437462A Russia II  PI567154 Japan II 
PI087618 North Korea III  PI437477A Russia I  PI567159A China I 
PI087631-1 Unknown III  PI437509 Russia I  PI567161 China II 
PI087634 Unknown III  PI437519 Russia I  PI567163 China I 
PI088289 China III  PI437558 China I  PI567170A China II 
PI088292 China III  PI437581 China II  PI567170B China II 
PI088294-1 China II  PI437585 China II  PI567214B Russia I 
PI088295 China I  PI437592 China II  PI567223 Russia I 
PI088305 China III  PI437594A China I  PI567229A Russia I 
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Supplementary Table 2 continued 
           
PI088306 China III  PI437651B China II  PI567241 China II 
PI088497 China I  PI437656 China II  PI567250B China III 
PI088788 China III  PI437662 China II  PI567255A China I 
PI089003-1 Unknown II  PI437663 China II  PI567261B China II 
PI089008 China II  PI437674 China III  PI567262D China II 
PI089060 Unknown I  PI437682A China I  PI567264A China II 
PI089130 Unknown III  PI437690 China III  PI567266A China II 
PI089134 North Korea III  PI437715 China II  PI567267A China II 
PI089152 Unknown III  PI437716A China I  PI567275 Japan II 
PI089153 North Korea II  PI437733 China I  PI567277 Japan II 
PI089154 North Korea II  PI437738B China I  PI567278 Japan II 
PI089156 North Korea II  PI437757 China I  PI567351A China II 
PI089773 China III  PI437786 China I  PI567365 China III 
PI090392 China III  PI437803 China II  PI567417B China I 
PI091091 China II  PI437840A China II  PI567538B China II 
PI091102 Unknown II  PI437846 China I  PI567583A China III 
PI091120-3 Unknown III  PI437935 China II  PI567595A China III 
PI091162 Unknown III  PI437944 China II  PI567619 China III 
PI091341 China III  PI437949 China I  PI567644 China III 
PI091349 China III  PI437950 China II  PI567729 China III 
PI091559 China II  PI437964A China II  PI567774B China III 
PI091725-3 Unknown II  PI437973 China II  PI574478B China II 
PI091733 China I  PI438031 China I  PI574480B China III 
PI092465 Russia II  PI438094B China I  PI578360 China II 
PI092603 China II  PI438103 China II  PI578362 China I 
PI092611 China II  PI438133B China II  PI578363 China II 
PI092683 China II  PI438139 China II  PI578364 China II 
PI092706 China I  PI438152 China II  PI578366 China III 
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Supplementary Table 2 continued 
           
PI096162 Unknown II  PI438173 China II  PI578367 China III 
PI096199 Unknown III  PI438194 China II  PI578374 China I 
PI096322 North Korea III  PI438218 China I  PI578375B China I 
PI096786-1 Unknown III  PI438259B China III  PI578376 China II 
PI131531 Poland I  PI438292 Japan I  PI578380A China I 
PI135589 China II  PI438312 Algeria III  PI578382 China I 
PI135590 China II  PI438376 France I  PI578384 China I 
PI153229 France I  PI438434 Morocco II  PI578385 China I 
PI153250 Belgium I  PI438503A United States II  PI578386 China I 
PI153280 France II  PI445819 Germany I  PI578416 China II 
PI153282 Belgium I  PI445845 China III  PI578439 Vietnam III 
PI157421 South Korea III  PI458052 South Korea III  PI578473A China III 
PI167240 Turkey III  PI458061A South Korea III  PI578474 China I 
PI171450 Japan III  PI458110 South Korea III  PI578499A China II 
PI173994 South Korea III  PI458307A South Korea III  PI578499B China II 
PI181536 Japan I  PI458506 China II  PI588008A China III 
PI181537 Japan II  PI458507 China III  PI592907C Russia I 
PI189916 China I  PI458517 China III  PI592908 Russia II 
PI189919 France I  PI458519A China II  PI592910 Russia II 
PI189930 France II  PI458520 China II  PI592911B Russia I 
PI189941 France I  PI458521 China III  PI592912A Russia I 
PI189958 France II  PI458522 China II  PI592913 Russia II 
PI189962 France I  PI458825B China I  PI593970 Japan I 
PI189969 France III  PI461509 China I  PI593982 Japan I 
PI196149 Japan III  PI464877 China III  PI594156 Japan III 
PI196150 Japan II  PI464878 China II  PI594170B Japan I 
PI200478 Japan III  PI464880 China II  PI594296 Japan I 
PI200548 Japan III  PI464884 China II  PI594394 China III 
  
  
9
0
 
Supplementary Table 2 continued 
           
PI205085 Japan I  PI464914B China III  PI594457A China III 
PI205087 Japan III  PI464915A China II  PI594471A China III 
PI227212 Japan III  PI467307 China I  PI594898 China I 
PI227325 Japan I  PI467310 China II  PI594902 China I 
PI227558 Japan II  PI467311A China I  PI597397A Russia I 
PI229336 Japan III  PI467312 China II  PI597405B Ukraine I 
PI232987 China II  PI467324 China I  PI597482 South Korea III 
PI232988 China II  PI467327 China II  PI602497A China I 
PI232989 China II  PI467328 China I  PI603151A North Korea I 
PI232990 China II  PI467332 China II  PI603334 China I 
PI232992 Japan III  PI467334B China II  PI603335B China II 
PI248509A China I  PI468381 Japan II  PI603337A China I 
PI250844 Iran I  PI468384 China III  PI603339A China I 
PI253650A China II  PI468385 China III  PI603367 China I 
PI253651C China III  PI468907 China I  PI603371 China I 
PI253652C China I  PI468914 China III  PI603412B China II 
PI253653D China I  PI468919 China III  PI603422B China II 
PI253658A China I  PI470223 China II  PI603424C China I 
PI253660B China III  PI470227B China III  PI603426F China I 
PI261466 Japan III  PI471899 Indonesia III  PI603428D China III 
PI261474 China II  PI475810 China II  PI603438E China III 
PI266806A China II  PI475811B China II  PI603442 China III 
PI290149 Hungary I  PI475818 China III  PI603444A China II 
PI291274B China I  PI475820 China II  PI603452 China III 
PI291275 China I  PI475822B China III  PI603470 China II 
PI291276 China I  PI476344 Uzbekistan II  PI603546A China I 
PI291277 China I  PI476345 Moldova I  PI603560 China III 
PI291278 China I  PI476348 Ukraine I  PI603587A China I 
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Supplementary Table 2 continued 
           
PI291309C China I  PI476911 Vietnam II  PI603594 China II 
PI297538 Hungary I  PI479711 China II  PI603596 China III 
PI323586B Portugal II  PI479713 China II  PI603655 China III 
PI326579 Romania I  PI479718B China II  PI603660 China II 
PI326580 Germany I  PI479719 China I  PI603662B China II 
PI339868E South Korea III  PI479724A China II  PI603674 China III 
PI361080 Russia II  PI479729 China III  PI603704A China I 
PI361090 Austria I  PI479738 China II  PI603747 China II 
PI361101 Korea III  PI479740 China III  PI603749 China II 
PI378663 Russia I  PI483459 China I  PI603912 North Korea III 
PI378679 France I  PI504485 Japan I  PI603915C North Korea III 
PI379559D Japan III  PI504490 Taiwan II  PI612611 North Korea III 
PI379561 Japan III  PI504497 Taiwan II  PI612711B China I 
PI391577 China II  PI506527 Japan III  PI612752 China I 
PI391586 China III  PI506528 Japan III  PI612754 China I 
PI398813 South Korea III  PI506529 Japan III  PI612759C China I 
PI398881 South Korea III  PI506634 Japan II  PI612760 China I 
PI401418 Russia I   PI506678 Japan I         
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Supplementary Table 3: Count of accessions used 
from the USDA Soybean Germplasm Core 
Collection by country of origin and maturity 
group. 
Country 
Maturity Group 
Total I II III 
China 82 111 70 263 
Japan 15 23 36 74 
Russia 23 14 1 38 
Unknown 3 9 16 28 
South Korea … … 15 15 
North Korea 2 3 7 12 
France 6 3 1 10 
Taiwan … 3 1 4 
Georgia 1 … 2 3 
Belgium 2 … … 2 
Germany 2 … … 2 
Hungary 2 … … 2 
Poland 1 … 1 2 
Ukraine 2 …  2 
Vietnam … 1 1 2 
Algeria … … 1 1 
Austria 1 … … 1 
Eastern Europe 1 … … 1 
Indonesia … … 1 1 
Iran 1 … … 1 
Korea … … 1 1 
Moldova 1 … … 1 
Morocco … 1 … 1 
Portugal … 1 … 1 
Romania 1 … … 1 
Turkey … … 1 1 
United States … 1 … 1 
Uzbekistan … 1 … 1 
Yugoslavia 1 … … 1 
Grand Total 147 171 155 473 
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Supplementary Table 4: Sprinkler irrigation schedule used 
in field environments to create an epiphytotic disease 
nursery. 
Perioda Time of day 
Length of time 
(minutes) 
Incubation 
 7 am 2 
 9 am 3 
 11 am 5 
 1 pm 5 
 3 pm 3 
 5 pm 3 
 7 pm 2 
Post-Incubation 
 7 am 2 
 10am 3 
 1 pm 5 
 4 pm 3 
 7 pm 2 
a Incubation period was employed after the first 
inoculation until seven days after the last inoculation, and 
post-incubation period was employed from then on until 
ratings were complete 
 
Supplementary Table 5: Trait abbreviations used to describe various environments and 
measurements taken. 
 Trait Measured 
Environment 
Plant Severity 
(V5) 
Plant Severity 
(3 DAI) Wilt Score 
Lesion 
Length 
(cm) 
Plant Severity 
(14 DAI) 
2014 Field 14HF … … … … 
2014 Greenhouse … 14GHSE-DAI03 14GHSE-WS … 14GHSE-DAI14 
2015 Greenhouse … 15GHSE-DAI03 15GHSE-WS 15GHSE-LL 15GHSE-DAI14 
2015 Field 15HF … … … … 
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Supplementary Table 6: Characteristics obtained from SoyBase (www.soybase.org) for 
accessions that were rated equally or better than 93M11 in all trials. 
Accession 
Country of 
Origin 
Province 
MG 
Stem 
TerminationA 
Pubescence 
FormB 
Pubescence 
DensityC 
PI153282 Belgium unknown I S E Ssp 
PI196150 Japan unknown II D - G 
PI378679 France unknown I D E Ssp 
PI467324 China Jilin I N E N 
PI507491 Japan Tohoku III D A Ssp 
PI549056 Japan unknown II D Sa N 
PI567264A China Fujian II S A N 
PI594457A China Sichuan III D Sa Ssp 
PI594902 China Jiangsu I D Sa N 
PI603335B China Heilongjiang II D E N 
PI603674 China Jiangsu III S Sa Ssp 
A: D = determinate, N = indeterminate, S = semi-determine 
B: A = appressed, E = erect, and Sa = semiappressed on leaf surface 
C: G = glabrous, N = normal density, Ssp = semisparse 
MG = maturity group 
 
 
 
Supplementary Table 7: Characteristics obtained from SoyBase (www.soybase.org) for accessions 
that were rated in the lowest 10% of both field trials. 
Accession 
Country of 
Origin Province MG 
Stem 
TerminationA 
Pubescence 
FormB 
Pubescence 
DensityC 
PI086081 Japan Hokkaido III D C N 
PI086452 Japan Akita III D - G 
PI089156 North Korea Hamgyong Puk II N E Ssp 
PI227212 Japan Shizuoka III D C N 
PI379561 Japan Hyogo III D E Ssp 
PI437156C Russia Krasnodar I D E Ssp 
PI437733 China unknown I D - G 
PI458061A South Korea Kangwon III D Sa Ssp 
PI479738 China Jilin II D E Ssp 
PI504485 Japan unknown I D A N 
PI507491 Japan Tohoku III D A Ssp 
PI567154 Japan Yamagata II D E Ssp 
PI567264A China Fujian II S A N 
PI578473A China unknown III N A N 
A: D = determinate, N = indeterminate, S = semi-determine 
B: A = appressed, E = erect, and Sa = semiappressed on leaf surface  
C: G = glabrous, N = normal density, Ssp = semisparse  
MG = maturity group  
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Supplementary Table 8: Bayesian Information Criterion (BIC) values of mixed linear model with different number of principal 
components (PCs) used for association analyses of each measurement of white mold resistance in the soybean association panel. 
No. of PCs 
14HF  14GHSE  15GHSE  15HF 
Severity  DAI03 WS DAI14  DAI03 WS LL DAI14  Severity 
0 -398.1  -37.4 115.3 -144.1  -275.8 -1450.5 -2083.5 -425.7  -310.5 
1 -398.9  -40.2 113.9 -147.2  -276.6 -1452.3 -2083.7 -427.9  -310.0 
2 -401.9  -43.1 110.6 -150.1  -279.2 -1455.5 -2086.9 -431.0  -312.9 
3 -404.5  -46.2 107.3 -153.2  -282.1 -1457.1 -2090.0 -433.4  -315.9 
4 -407.6  -48.3 104.2 -156.4  -284.4 -1460.4 -2093.2 -436.4  -319.0 
5 -409.2  -51.1 101.9 -157.6  -287.4 -1463.7 -2096.2 -439.4  -320.9 
6 -411.2  -53.6 99.3 -160.9  -289.6 -1466.5 -2099.4 -442.4  -322.5 
7 -413.8  -56.7 96.0 -164.2  -292.7 -1469.8 -2102.6 -445.6  -321.6 
8 -416.6  -59.6 92.8 -166.7  -295.1 -1472.7 -2105.6 -448.8  -324.9 
9 -419.7  -61.5 90.2 -169.8  -298.2 -1475.9 -2108.8 -452.0  -325.4 
10 -422.3  -64.6 87.1 -171.8  -301.3 -1479.1 -2111.8 -455.0  -328.3 
14HF = 2014 field, 14GHSE = 2014 greenhouse, 15GHSE= 2015 greenhouse, and 15HF=2015 field environments 
DAI03, DAI14 = Plant severity score given at 3 and 14 DAI, WS = wilt score, and LL = lesion length 
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Supplementary Table 9: SNPs significantly associated with soybean WM resistance through both genome-wide association and epistasis, including their 
predicted candidate genes. 
  GWAS       
      14GHSE    15GHSE       Epistasis    
CHR SNPa 14HF   DAI03 WS DAI14   DAI03 WS LL   15HF   14HF 15HF QTLb 
Candidate 
genesc Annotation 
1 ss715579141   x          x x N Glyma01g
034600 
GDSL/SGNH-like 
Acyl-Esterase 
family found in 
Pmr and Cas1p 
1 ss715579291    x         x  N MPP2 Matrix 
metalloproteinase 
2 ss715581558        x     x  N Glyma02g
026200 
NB-ARC domain-
containing disease 
resistance protein 
3 ss715584553     x        x  N B15-3-5 Syringolide-
induced protein 
4 ss715589700   x x          x N Unknown  
8 ss715601247   x          x x N Glyma08g
033200 
Multi antimicrobial 
extrusion (MatE) 
protein 
8 ss715602879           x  x x N Glyma08g
123300 
LRR-RLK containing 
NB-ARC domain 
8 ss715599948 x            x  Y Glyma08g
215700 
Ethylene response 
factor(ERF) 
subfamily B-1 
10 ss715608353         x    x  N Glyma10g
063500 
Unknown 
13 ss715614675         x    x  Y SNI1 Negative regulator 
of systemic 
acquired resistance 
(SAR) 
14 ss715618815       x      x x Y Glyma14g
172200 
Protein containing 
VQ motif 
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Supplementary Table 9 continued               
16              x  N Glyma16g
188700 
Disease resistance 
family protein / 
LRR-RLK with Toll-
like receptor 
17 ss715628199       x       x N Glyma17g
097900 
WRKY DNA-binding 
protein 
18 ss715631537        x      x N Unknown  
20 ss715638266       x      x  N Glyma20g
185100 
LRR-RLK, RNI-like 
20 ss715638269             x           x   N Glyma20g
185100 
LRR-RLK, RNI-like 
aSNP ID is assigned on SoyBase (www.soybase.org) 
b Y: QTL previously reported, N: QTL newly indentified in the present study 
cGenes annotated in Glyma1.1, Glyma1.0, and NCBI RefSeq gene models in SoyBase (www.soybase.org) served as the source of candidate genes 
14HF = 2014 field, 14GHSE = 2014 greenhouse, 15GHSE= 2015 greenhouse, and 15HF=2015 field environments 
DAI03, DAI14 = Plant severity score given at 3 and 14 DAI, WS = wilt score, and LL = lesion length 
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Supplementary Figure 3: Manhattan plots of genome-wide association (GWA) study for 
traits measured in 2015 greenhouse (15GHSE) environments. Negative log10-transformed P 
values from a genome-wide scan by using a mixed linear model (MLM) for (a) plant severity 
taken 3 DAI (DAI03), (b) wilt score (WS), and (d) plant severity taken 14 DAI (DAI14) and 
compressed MLM for (c) lesion length (LL) plotted against base pair positions of each SNP on 
each of the 20 soybean chromosomes. The significance threshold line is distinguished, and all 
significant trait-associated SNPs are highlighted in red. 
